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Antimonial Analogues of the Cmbazole Senes. 

By Gilbert T Moiw an K R S , and Glyn Rees Davivs, Chemical Research 
Laboratory, Teehhngton, Middlesex 

(Received Jinuirj 17, 1330) 

Although arsemic and antimony exhibit ccitain similanties in regard to 
then combinations with Indroc arbon radicals vet the organic chemistry of the 
latter metalloid is still in i mm h more fragmentary condition than that of 
the former eh me nt becaust of the gicater e xperirm ntnl difficulties which attend 
the preparation of 01 gann antimonials These difficulties ur< two fold the 
first is the (use with which antimonv is dislodged fiom its attachment to 
carbon, the second arises from the miorphous and colloidal nature of organic 
stibnuc acids 

In a foimei communication' 1, we discussed the antimonnl analogues of the 
cacodyl senes whereas m the pr( si nt one wc describe ec rtam organic derivatix cs 
in which antimonv r« places nitrogc n in the carba/oh nude us, these compounds 
being analogues of the arsenical e ai ba/ole si ric s alrc ady studied by AescIllimani), 
Lees Mct'h Hand and Nickhn f 

The starting mateml in this restaich w is o aminodiphcnyl piepaitd pre¬ 
ferably from eomnicrciilly available diphenyl This hvdiocarbon was 
nitrateal to a mixtuic of n xnd p lutroeliphenyls whitli were sopaiatcd and 
ieduced to the corresponding liases f 

* Rov Sue Pro< , A vol 110, p “.21 (ll>20) 

t J Che in hoc ,’vol 127 p «<>(I12')) 

+ Yom/nrlaiun of Diphuujl Vtrtvaluea —The liteialuia of diphenyl and its derivatives 
shows that this term is often used to designate nthcr the hydrocarbon or its uruvaknt 
radicals, (',H, C,H« although ceitam authors employ ‘diphenylyl” for these ladicals 
and dipfionylylene ” for the corresponding bivalent groups Sueh expressions tend, 
however, to beionio cumbersome when e m ployed for compounds containing two or more 


VOI oxxvri —A 
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Antimony is introduced into the diphenyl nucleus by converting o-xenylamme 
(o-ammodiphonyl) through the diazo reaction into diphenyl-a-diazonium 
antimony tetrachlondi C«Hr r«H 4 N 2 SbCl 4l * and this diazonmm salt when 
digesti d with cold aqueous caustic soda until the diazo-mtrogen is eliminated 
yields xcnyl-o stibimc and (formula v) obtained as an amorphous white preci¬ 
pitate on acidifying the alkaline solution Reduction of the stibimc acid in 
presence of hydrochloric acid leads to xmyl-o stibinc diehlonde (vi) and bj 
eliminating hydrogen iblonde from this diehlonde ring closure occurs with 
formation of xinylene-2 I'-stibnu chloride (u) A similar closure of the ring 
is effected liv removing the elements of watei from xenyl o stibimc acid (v) 
B\ double dc composition with sodium iodide, xc nj lene 2 i'-stibine chloride 
mi Ids the i onespondmg iodide (u) which by Gngnard condensations gives 
rise to the untimonial analogues of the N alkvicarbazoles Thus magnesium 
metluodidc furnishi s 2 2' Xf nylenc meJhylstibim (m) corresponding with 
A-methjlcarbazolt This tertiary stibmo does not combine additively with 
me tli) 1 iodide although it furnishes a dibromide (iv) When treated with 
ammonia or aqueous alkalis xenylene -2 2' stibinc < blonde and iodide (u) 
lose their halogc n and become converted into bis 2 2' xenylemstibwe oxide (i) 
which has been obtained crystalline from organic solvents 
The accompanying diagram illustrates a feature in which aromatic anti- 
raomals differ from the c orreBponding arsenicals When xenyl o stibini 
diehlonde (vi) is rendeied slightly alkaline oi ammomacal the primary xenyl-o- 
stibine dihydroxide thus produced is unstable end by elimination of half its 
combined antimony as antimomous oxide it passes into a secondary oxide, 
letralas o xenyldistibine oxide (vm) In this complex oxide each antimony 

of these diphenyl residues and more euphonious names are extant and applicable, foi 
when A \\ > on Hofmann first isolated the base O xl H, NH g from certain “aniline tailings” 
(‘0 R vol 55, p 1K)1 (1852), ‘ Rov Soc Proc A, vol 12, pp 393, 576 (1862-3) he 
decided on the name “ xonylamine ” aftei a brief use of the more obscure term “ rnartvl 
amine ” (compare ‘ fahresbeneht p 344 (1862)) 

Xonylamine was identified coneurrentlj as p ammodiphonvl by Schultz (‘ Ann Chem 
vol 174, p 212 (1874) ) and by Ostcn (‘ Per D Chem Gcs vol 7, p 171 (1874)), and 
later by HUbner ( Ann Chem vol 209, p 342 (1881)) who like the two preceding mvosti 
gators referred to Hofmann’s xenylammc Moreover, m the 4th edition of Beilstein’s 
‘ Handbuch der Orgamsohen Chcitue ” (vols 6-7, 9, 10, 12) xenyl is employed as a 
sy nony m for diphcnylyl We propose therefore to follow and extend this usage bv adopting 
anothor suggestion of Hofmann’s to employ the torm “ xenylene ’’ for the bivalent radical 
of diphenyl Accordingly there are throe xenylamino* (o , m and p ) and twelve xenylene 
illumines to be further specified by the notation oommonly adopted for dipheny 1 derivatives 
•May, Trans Chem Sot,’\ol 101, p 1037(1912) 
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atom is now combined with two aromatic radicals and when dissolved in 
alcoholic hydrochloric and it furnishes crystalline dt-o-xenyhltfnne chloride 
(vn) which can be utilised as the starting point for another series of antimomal 



K X XI 


analogues of carbazole Di-o-j,enyhlibine tnchlondc (ix) produced by direct 
addition of chlorine to the preceding monochloride (vn) loses hy drogen chloride 
on gently warming under reduced pressure and passes with ring closure into 
2 ! l'-xenylene o-xenyhlibine dichlonde (x) whilst this cyclic antimomal on 

B 2 
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prolonged treatment with zinc dust loses its chlorine and gives rise to 2 2' 
j-enylem-o-xenyhtifnm , a tertiary aromatic stibine, which is an analogue of 
the V ary harhazoles 

Experimental 

The u aminodiphcnyl required in this investigation was prepaied bv tin 
two following processes — 

1 Pyrolysis of diazoaintnobenzun in prtsince of ainlim * Owing, howpvcr 
to the small yield of o-ammodiphenyl (about 18 pir cent) and to thp tedious 
nature of the isolation of the base from othi r products of r< action thm prepara¬ 
tion was abandoned m the favour of the second process 

‘2 RiduUion of o mlrodtphinyl — The starting point was commercially 
available dipht ny 1 which was nitrated to i mixture of o and p-nitrodiphenvIs, 
the lattei predominating A comparatively simple method of separation was 
devised and the isomeric nitio compounds were teduccd with iron borings and 
acidified water t 

Katyl o stibinu arid (' ( |Ii 4 NbO(OH )2 50 g of o ammodiplu m 1 

in 300 c ( of w iter and 100 i c of hydrochloric acid (D 1 1(>) wen din/otisul 
with 22 g of sodium nitrite m 100 i c of water and to this dia/o solution wc rt 
added 10 g of antimony trioxide dissolved m 200 cc of hydroihlonc icid 
(1) 1 12b) the temperature being kept between 0° and 25’ whin diphenyl o 
diazomum antimony tetrachloiidt separated as a light yellow iiystallim pie- 
upitate (Found Cl 30 •) Sb 27 3, C 12 Hn N« 01 4 Sb icquires Cl 31 0 Sh 
27 4 per cent ) This complex dia/omum salt after washing with watei was 
suspended in 1500 c e of water contaimng 300 g of ice the mixture being cooled 
to 0° , IbO to 200 c c of glycerin were added and 5V (austie soda was intro¬ 
duced slowly with stilling until the mixture w r as faintly acid for which about 
300 t c of the alkali wire uquirid After froth had subsided a further 30 e i 
of 5A caustie soda were added and the liquid stirred until a sample no longer 
gave an ii/o coloration with H acid The filtered solution was then acidified 
with dilute hydrochloric and and warmed to lomplete the preeipitation of the 
stibmic a< id w hie h was fr« td from inorganic antimony compounds by repeated 
washing with hydrochloric acid (T) 1 12b) The viscid residue was extracted 
with warm 2 TV caustic soda and the hltrate acidified with acetic acid The 
precipitated stibmic acid dried to a white amorphous powder only very slightly 
soluble in hot water but dissolving more readily in boiling alcohol from which 
•Hunch, Her D Chern ties, vol 23, p 1923(1803) and Aeschhmann Leea, McClelland 
and Nicklm lor nt 

t Morgan and \\ alls, ‘ T Noc Chem Lnd ’vol 49 p 1ST (lj)30) 
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solution it separated in small colourless crystals (Found (' 11 91, H 1 1 
8b 17 42 , C 12 H n 0 3 Sb requires C 44 1, H 1 39, Sb 37 r >0 per cent) 

When warmed with c oncentrated hydrochloric m id thi stibinic acid yielded 
xenyl o-stibinr Utraehloride 1 r. CVH 4 SbCl 4 as a yellow oil which on shaking 
with a saturated solution of ammonium chloride m hydro* hloric acid (D 1 12b) 
gave a light yellow crystalline xenyl o stibine ammonium pentachlonde 
|CftH 5 C 8 H 4 SbClJ NH ( which after washing with hydrochloric acid was 
dried on porous tilt (Found Cl 17 1 Sb 26 2, 25 8, ClisHuNCIsSb 
requires Cl 37 7, Sb 25 9 per cent) Xenyl o stibine dichlonde CoH 5 CgH 4 
SbCl. was prepared by passing sulphur dioxide into a solution of xenyl-o 
stibinic acid in methyl alcoholic hydrochloric acid containing a trace of 
potassium iodide On concentrating a chloroform extract of these reagents 
the dichlonde remained as an oily residue which was dissolved m ether and the 
solution diluted with petroleum (b p 00-80°) when it deposited by slow 
evaporation rosettes of colourless needles melting at 70° (Found Sb 34 2 
(\ 2 H 0 Cl 2 Sb requires Sb 35 2 per cent) 

The dichlonde was very soluble m the ordinary organic media and showed a 
great tendency to separate as an oil from these solutions and it was not found 
possible to convert it into tin corresponding xenyl-o stibine hydroxide since 
on treatment with alkali half the antimony was eliminated as tnoxide 
Xenyl-o stibine dnodide, C 0 II, C#H 4 Sbl 2 was preferably obtained on 
reducing xenyl-o-stibime acid to the oily dichlonde as in the preceding pre¬ 
paration when addition of sodium iodide in acetone solution yielded the solid 
dnodide which crystallised from alcohol m dark yellow needles melting at 
95-96° (Found C 27 58, H 2 0, 1 47 5, Sb 23 2 , C'i.H 0 I.8b requires 
O 27 23, HI 7, I 48 0, Sb 23 0 per cent) 

Xenylenestibine Chloridt (formula u) - This chloride has been prepared by 
two methods similar to those employed in the preparation of its arsemcal 
analogue 1 " — 

1 Removal of Hydrogen Chlondt from Xenyl ostibine Dichlonde —On 
heating this dichlonde at 100° under 25 mm pressure hydrogen chloride was 
evolved and a dark resinous mass remained which was extracted with cliloro 
form Addition of alcoholic hydrochlonc acid to this extract precipitated a 
grey crystalline powder which was recrystallised from alcohol or chloroform 
when greenish white diamond shaped plates were obtained 

2 Dehydration of Xenyl-o stibinic Acid — A more satisfactory method con¬ 
sisted m adding 4 g of the stibinic acid to 10 c c of cold concentrated sulphuric 

* Aeschlimann Ixsjs McClelland and Nrcklin lor at 
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acid to which were subsequently added a further 5 c c of the same acid the 
mixture was warmed for 10 minutes on the water bath and then poured into 
a large volume of water The grejish white precipitate was washed, dried 
and dissolved m warm hjdrochlouc acid with the minimum quantity of methyl 
alcohol A fragment of potassium iodide was added to the cooled solution 
and sulphur dioxide bubbled in until crystals appeared The mixture was 
then left until deposition of the cyclic chloride was completed The product 
was recrystalbsed from alcohol with addition of animal charcoal 

Xenyleneatibine chloride was thus obtained in greenish white acicular 
crystals melting at 209° It was moderately soluble in hot chloroform alcohol, 
acetone or benzene but less soluble in carbon disulphide or light petroleum 
(Found (' 46 35, H 2 87, Cl 11 20, Sb 39 40 (99 82 per cent), C J2 H«ClHb 
requires C 46 56, H 2 59, Cl 11 47, Sb 39 38 per cent) 

In the foregoing reduction it is important to avoid excess of sulphur dioxide 
and to keep the solution cold, otherwise antimony is entirely ebminated from 
the organic molecule with formation of diphenyl 
Xenylenestibiru Iodide (C 6 H 4 ) 2 Sbl prepared by interaction of the 
preceding chloride and sodium iodide (l mol) in acetone solution, cr> stallised 
from benzene m lemon yellow needles melting at 222° (Found C 16 07, 
H 2 28, I 31 20, Sb 30 43, C 12 H 8 ISb requires V 35 93, H 1 99, I 31 68 
Sb 30 39 per cent) 

Xenylenemethyhtibine (C*H 4 ) 2 Sb CH 3 Magnesium (3 6 g ) was added 
to 1 c c of methyl iodide m 25 c c of dry ether, and the solution added to a 
cooled suspension of 4 g of xenyh nestibme iodide m 30 c c of drv ether 
During this addition the colour of the iodide was discharged and the reaction 
completed by heating on the water bath for 15 minutes after which the product 
was poured into water Ether was removed and the residual oil extracted 
with chloroform The tertiary stibinc was obtamed as an oil which solidified 
in a vacuum desiccator Crystallisation was facilitated by adding petroleum 
(b p 40 80°) to the evaporating solution, but m the presence of air this con 
centration was accompanied by slight oxidation The product crystalbsed 
from petroleum m pale yellowish white leaflets melting at 57° (Found 
C 53 70, H 3 46, Sb 41 75, C 13 H u Sb requires C 54 02, H 3 81, Sb 42 18 
per cent) 

This stibine did not combine additively with methyl iodide although it 
decolourised a chloroform solution of bromine with deposition of a dibromide 
Xenylenemethylshbtne Dibromide (CgH 4 ) 2 Sb(CH 3 )Br 3 a pale yellow 
microcrystalline powder was slightly soluble m alcohol or acetone but not 
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appreciably so m other organic media , it melted at 207° (Found Br 35 97 
Sb 26 91 , C 18 H n Br 2 Sb requires Br 35 b5, Sb 27 14 pel cent) 

Tetrakts o-xenylstibine Oxide (Calls CeH^Sb O Sb(CgH* CeH B ) 2 pro 
duced together with antimony tnoxide when crude xenyl-o stibine dichlornh 
was digested with warm dilute alkali, but was preferably prepared by adding an 
acetone solution of purified chloride (vu) to a large volume of water containing 
sufficient ammonia to lemam alkaline after heating the mixture on the water 
bath The viscid oxide after washing with warm water was dissolved m hot 
acetone, and the solution rindered turbid by addition of water when on 
evaporation large colourless flattened needles separated melting at 157" and 
sparingly soluble in alcohol (Found C66 18, H t 14, Sb27 90, C^HasOSbo 
requires C 66 10, H 4 11 Sb 27 94 per cent) 

Dt-o xenylstibine Chlonde (Cells C a H 4 ) 2 SbCl The crude oily xcnyl-o- 
stibine dichloride was poured into watei and the liquid made sbghtly alkaline 
with caustic soda or ammonia The mixture containing precipitated xenjl- 
o stibine oxide was warmed on the water bath to complete the elimination of 
antimony trioxide corresponding with the change from primary to secondaiy 
stibine derivative The precipitate dissolved m hot alcoholic hydrochloric 
acid and on cooling di-o xenylstibine chloride separated in colourless needles 
melting at 125 5° (Found C 61 83, H 3 96, Sb26 30, C 2 «H 18 ClSb requires 
V 62 16, H 3 89, Sb 26 29 per cent) 

This chloride dissolved in the ordinaiy organic media with the exception of 
light petroleum 

Di-o xenylstibine Iodidi ((VH„ 0' 8 Il 4 ) 2 Sbl was obtained cither by treating 
the preceding oxide with hydriodic acid or pieferably by interaction of the 
corresponding chloride and sodium iodide in acetone solution When cr> stal- 
hsed from chloroform or alcohol the iodide separated in light yellow prisms 
melting at 156-157° , it dissolved only sparingly in light petroleum (Found 
0 52 05, H 3 52, I 23 20, Sb 21 74, C M H 18 ISb requires V 51 94, H 3 21, 
I 22 89, Sb 21 95 per cent) 

Bis- 2 2 '-xenylenestibine Oxide (formula i) An acetone solution of 2 2'- 
xenylenestibme chloride when poured mto water containing a slight excess of 
ammonia gave a white flocculcnt precipitate of the complex stibme oxide 
which was coagulated on warming and crystallised from alcohol m yellowish 
white spangles melting at 177 179° (Found C 51 29, H 3 28, Sb 43 03 , 
C 24 Hi#OSb 2 requires (J 51 10, H 2 84, Sb 43 22 per cent) 

This oxide was readily soluble in chloroform, less so in alcohol, acetone or 
benzene and insolublo m water or 22V-sodium hydroxide 
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Di-o-renyhtibme Trichloride (C’ fl H 5 CeH^gSbC'ls obtained by adding 
< Idonne to the pieceding monochloride m chloroform solution, crystallised from 
a mixture of this solvent and alcohol in small colourless needles melting at 
177° (Found C 54 28, H 3 7 Cl 19 80, Sb 22 92 , C 2t H, s Cl s Sb requires 
C 53 91, II 5 ,37, Cl 19 92, Sb 22 80 per cent) 

X.enylene-o-xcnyhtibine lJtrhlonde (formula x) Whin warmed to 50° above 
its melting point under 20 mm pressure di-o-xenylstibme tuchloride urni- 
menced to froth vigorously and heating was continued until evolution of 
hydrogen chloride (eased On cooling the residue set to a jelly which w r as 
extracted with warm chloroform The product aft< r removing the solvent was 
crystallised from a mixture of chloroform and alcohol with addition of animal 
charcoal it separated m small white nodules melting at 212° Although 
dissolving freely m chloroform the dichloride was only moderately soluble in 
other oiganic media (Found C 57‘34, If 3 12 Cl 14 20 Sb 24 22 
CacHuCljiSb requires C 57 85, II 3 11, Cl 14 2b, Sb 24 47 per cent) 

2 I'-Xinylcnc-Q sinylstibine (formula ix) The foregoing chlondc was 
suspended m 20 parts of alcohol and boiled for 2 hours with 2 parts of zinc 
dust The filtered solution was then concentrated when the aromatic stibine 
was obtainul in large rosettes of colourless needles melting at 106-107° 
(Found 0 67 23, H 3 92, Sb 28 27 (99 62 per cent), C 2 «IIj 7 »Sb requires 
C 67 18, H 3 98, Sb 28 54 p<r cent) This tertian stibine was readily soluble 
m ordinary organic media 
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A The) mal Method of Measuring the Vapour Pressui c of an 
Aqueous Solution 

By A V Hu 1 K R S , Boultrton Research Professor 
(Received January 16, 1930 ) 

(From the Department of Phvsiologv and BiotheiniKti\ University College 1 ondon ) 

The method described below of rmasuung the diftereuce of vapour pressure 
between iny two aqueous solutions, or between a solution and tin solvent 
arose from expemmnts on isolated suiviving musehs, m winch it was 
noticed that stimulation in nitrogen lid to a laige increase m the rate 
of resting heat production This increment in luat rate was traced finallv 
to condensation of moisture on tin muscle due to the lowering of vapoui 
pi ensure caused in the muscle b\ the ac < umulation of the products of activity 
These experiments aie ele scribed elsewhere* The uni xpected sensitivity 
of the apparatus to a cbangi of vapour pressure led to its trial with solutions 
of vanous conei ntrations held by strips of filter paper the results were so 
piomismg that a special instrument was designed and constructed, wine It ilom 
is nferred to in the following pagis 
The imthod has vanous advantages (a) it is dircctf and fairly ixait, i q 
tin difference of vapoui piessuri betwten water and a not too dilute aqueous 
solution i an be measured vt am required temperature, within 1 to 2 per cent 
(b) it is fairly rapid a reading is obtained in 10 to 45 minutes anil four oi five 
measurements can be made at the same time if desired by a single observer , 
(r) it has a wide range, e q one can measure, on the one hand the difference of 
v apour pressure be'tw een 0 1M NnClandO 2M cane sugar or on the other 
between 5 M NaCl (5 g molecules NaCl to 1000 g II 2 0) and water, the latter 
difference being of the order of 500 times the foimei , (<I) very small 
quantities of the solutions are required enough n imelv to moisttn 1 to 
2 sq cm of filter paper say 0 2 c t 


Apparatus 

The the rmopile shown m the figure is syramctne al, it has one set of June 
turns in a line down the middle of one face, the other set in a similar line down 

* Roy Soe Proc B vol 105 p 298 (1920) and ibvl {in prepaintion) 
t Thnt ih the differente of vapour pressure is mensured directly and not obtained by 
subtraction of two separate measurements 
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the middle of the opposite parallel face It is wound upon a hollow brass 
rectangular frame insulated with “ bakehte ” varnish The elements are of 




Y 



Vapour Pressure liicimopilc in Chamber Y, insulated brass frame shown enlarged and 
partly wound with wire , Y side view of same AA, line of junctions B, brass 
tube f\ rubber stopper G, glass tubo carrying leads to galvanometer Dimensions 
of thermopile 23 x 23 X 6 mm , wound with 71 turns of 38 S W G constantan wire, 
half of each turn being electroplated 


silver-constantan, made by electroplating constantan wore as suggested by 
Hamilton Wilson * The wires should be wound as regularly and as close 
together as possible, and should cover the whole of each face of the frame 
They are insulated by “ bakehte ” varnish, each coat of which requires careful 
baking to harden it and render it insoluble During tho baking a httle hole 
in the frame is left open, afterwards this is sealed with shellac Each face is 

♦ • Proc Phys Soc vol 32, p 326 (1920) 
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finally trimmed up with flaked or dissolved shellac, and the whole instrument 
is dipped for a few seconds into a mixture of melted paraffin wax and been - 
wax, to render it waterproof by a thin him over its surface The thermopile 
is not unlike that employed for measurmg the heat production of nerve * 
but simpler and more robust Fuller details for constructing such instruments 
are given elsewhere f 

The thermopile is mounted on a brass tube, which passes through a ruhlx r 
stopper, it is covered during use by a glass tube forced on to the stopper 
The leads pass out through a glass tube to two copper tc rminals on a vulcanite 
platform above A small hole is drilled at the thermopile end of the brass, 
tube, to allow pressure equalisation to occur with the outside 

On one face (A) of the thermopile is laid a small strip of filter paper of suitable 
size dipped m solution (a), on the other face (B) a similar strip of filter paper 
dipped in solution (b) The chamber is kept moist by covering its walls 
with a large strip of filter paper dipped in any solution (c) Let p tt , p b , and 
p c be the water vapour pressures of the three solutions Then the solution (c) 
being in large excess, the w ater vapour pressure m the chamber will approximate 
to p e , except in the immediate neighbourhood of faces A and B The rate of 
condensation of moisture, therefore, on face A is equal to k (p c — p a ), when L 
is some constant depending on (l) the instrument, (a) the temperature, and 
(in) the barometnc pressure Similarly the rate of condensation of moisture 
on face B is k (p 0 — p b ), the L being the same since the instrument is sym- 
metncal Now owing to the condenstion of water on the two faces of the 
thermopile the temperatures of these tend to rise above that of the surroundings 
After a few min utes the tendency is balanud by heat loss, due to conduction, 
etc, and a steady state is reached in which face A attains a temperatuie 
k‘ (p e — p a ) above the suiroundmgs, and face B a temperature k’ (p c — p*) 
above tbe surroundings, the constant k’ depending (like k) upon the instrunu nt 
the temperature and the pressure The final difference of temperature, there 
fore, between face A and face B is k' (pj — p„), and is mdependent of the 
vapour pressure of solution (c) Thus the E M F developed m the thermopile 
is K (p,, — p 0 ) where K is a constant (which can be determined for any given 
instrument by calibration with solutions of known vapour pressures, but depends 
upon temperature and pressure) and p a and pj, arc the vapour pressures of 
the two solutions on the faces of the thermopile 
A large water bath is employed, stirred with an air stream and kept auto- 

* Downing and Hill, ‘ Roy Soc Proo ,* B, vol 105, p 147 (1920) 
t HID, ‘ Roy Soc Proe B, vol 103, p 117 (1928) 
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maticftlly at a temperature in the neighbourhood of 20° 0 by a large gas 
regulator The jet from which the gas emerges is ground off at an angle so 
that the mercury rising in the tube of the regulator in response to a rise of 
temperature of the bath diminishes the gas supply gradually There is no 
* off ” and “ on ’ but continuous adjustment The temperature, read by a 
Beckmann thermometer graduated m 0 002°, remains constant all day long 
within 0 001° It is found that the reading due to two given solutions on 
the faces of the thermopile is approximately doubled bv a rise of 10° This 
implies a 7 2 per cent increase per 1°, a 0 007 per cent increase per 0 001° 
The temperature regulation, therefore, is more than sufficient It is desirable, 
however, to have it is good and as steady as possible, since sudden changes of 
temperature—ev(n small ones-produce appreciable disturbances in the 
readings 

The difference of temperature between the two fares due to their unequal 
rates of evaporation (or < ondensation) is small, but still sufficient to reduce the 
difference of vapour pressure between the two solutions on them to a just 
perceptible degree This, of course, does not affect the accurac v, w'hich depends 
upon direct c alibiation with solutions of known vapour pressure For example, 
a 1 per cent NaCl solution on one face, against water on the other, gives a 
reading at 20° C with thermopile No 1 of about 12 microvolts This instru¬ 
ment has 71 couples of electroplated silver constantan, each giving (say) 
15 microvolts per 1° 0 , a total of about 2500 microvolts per 1° 0 Thus the 
12 microvolts due to the differenc e between 1 per cent NaCl and water betokenH 
a temperature difference of about 0 0048" C This corresponds to a relative 
change of vapour pressure of 0 000340 (0 00007 per 0 001°) which is about b 
per cent of the difference between water and the NaCl solution A corre 
spondmg relation exists for other concentrations 

The rate of dilution of the solution on tho face of the thermopile, by the 
condensation of vapour on it, is not so great, except when large differences of 
vapour pressure exist in the chamber, as to produce anj considerable effect 
during the time necessary to obtain a reading It is possible, in any case, to 
avoid such dilution when measuring the difference of vapour pressure between 
a solution and water, by placing on the wall of the chamber cither the solution 
itself or another solution judged to be approximately isotonic with it 
Practically no evaporation of, or condensation on, the experimental solution 
will then occur, while the gradual evaporation of water from the opposite 
face is found to produce no effect on the reading untd the filter paper has 
become perceptibly drier , this takes several hours to oc cur It is often con- 
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vement, and accurate, to work diff< initially, ? e , to measure the small difference 
between the experimental solution (a) (e q , blood) and a known solution ( b) 
(eg, 0 9b per cent Nad) approximately isotonic with it In that case the 
same solution (b) can be plated on the wall, and no perceptible dilution oi 
concentration will occui on < ith< i face duniig the attainment of a reading 
The only error of importance, dm to evaporation, is caused by delay in placing 
the strip of wet filter paper on the face of the thermopile and mounting the 
latter in its chamber in a hot di y loom this error might be conxulerable if the 
time taken were too long It is advisable to prepare everything beforehand, 
and to be as quick as possible m the final stages of laving the strip of filter 
paper containing the exp< nmt ntal solution on the fact of tin thermopile and 
of placing the cover in position 

The chamber should be connected to the atmosphere by a small hole or a 
narrow pipe Initial temperature diffeiences due to handling, etc, while 
setting up the apparatus, and the piocess of fore ing the cover on to the stopper, 
may otherwise cause the pressure m the churaber to settle clown finally to 
some unknown and arbitraly value Mr B Topley, of the Department of 
Chemistry Umvt rsity College, mfoims me that the leading should be inveisely 
proportional to the total pressure m the chamber, provided that it depends 
mainly on diffusion, as it probably does , thus a constant piessuie is necessarv 
The changes of barometric pressure w hich occur from day to day, or even during 
a smglc day, may be allowed for approximately bv assuming what has not yet 
been verified experimentally- the inverse relationship referied to above , 
oi their effects can be eliminated by standardising the apparatus, or a sinnlai 
one, on the day of the expe rime nt by an observation made on a solution of 
known vapour pressure 

The galvanometer employed has been a Zernicke moving roil mstiument 
(Zc) by Messrs Kipp en Zone n eif Delft, Holland leading (at m distance) 
to 1 5 > 1()~ 10 amp Except when the readings have been veiv small they 
have not been made dnectly on the scale, but by a null met heal e mploying a 
Pye rotary potentiome-te r led oft into a 1 3000 potential divieler constructed 
with copper wire The anangement was ealibrate*d with an accurate 
potentiometer 

Standard « 

The instrument described does not give absolute readings of the vapoui 
pressure , it is necessary to calibrate it on a solution of known v apour pressure 
The best available data appeal to be those of Berkeley', Hart lev and Burton* 
* ‘ Phil Ttaiw A, vol 218, p 205 (1010) 



14 


A Y Hill 


•on cane sugar Assuming ( 1 ) the results obtained at 30° C with “ Apparatus 
D,” as corrected bv Berkeley (loc at , p 147), (n) the results obtained at 
■0° V (loc ctl , p 444) , and (ni) a value of the relative molal depression of 
vapour pressure of 0 0180 for very dilute solutions,* two curves for the 
relatively molal depression were constructed for 0° C and 30° C respectively 
The data employed are as follows — 


( oncent rat lull g cane sugar per 100 g water 


„ 10 s at 0 (. 

[8] P„ 

P 10 1 at 10“ C 

L «lPo 


11 800] 
[1 800] 



Here p 0 is the vapour pressure of water and p that of the solution, while [S] 
is the concentration of sugar m g molecules per 1000 g of water 

The curves for 0" (' and for 30° C differ appreciably, but not considerably, 
from one another, so that a linear interpolation between them is allowable 
The interpolated data for 20° C are as follows — 


Table I 


1 

! 


Concentration g 

cane sugar per 100 g 

water 


i 

1 » 1 

10 I 

l * 1 

30 i 

1 40 ! 

50 

j 00 

x lo* 

LS]j>o | 

! 

1 800 

1 843 

j 1 890 

, 

1 933 

i 

| 1 980 

j 

| 2 025 

1 

j 2 070 


! 70 

80 

| 00 

j loo 

110 

j 120 

| 130 

Jla X 10 J 

!>]/<• 

2 113 

2 100 

2 204 

2 247 

2 288 | 

2 328 

2 365 

”1 

140 

_ 

130 j 

j 160 j 

170 

l ^ l 

190 

200 

1 

J ‘ a ~J‘ v ne j 
Mi>o 

2 398 | 

2 427 | 

1 

2 434 | 

2 477 | 

2 497 

2 315 | 

2 530 


* This theoretical number is justified experimentally, at least at 0° C, 1>> freezing point 
measurements made on dilute solutions of oane sugar (see Bedford, ‘ Ro\ Soo Proo A, 
vol 83, p 469 (1910)) which allow the calculation of the identical value 
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If desired sodium chloride solutions can be used instead of cane sugar as 
■standard Data contained in the ‘ International Critical Tables,’ vol 3, allow 
us to interpolate the following smoothed values for a temperature of 20° to 
25° C 


Table II 


jP> ~p 


[S]J>. 


10« 



3 117 | 1 285 I 3 275 




4 0 



0 0 

7 0 

»• 

9 0 

PoZLE x 10* 

IS]*. 

3 273 

3 278 

3 285 

1 102 

l 320 

3 »)» 

3 350 


10 0 

__ 

I 11 0 

12 0 | 

13 O j 

14 O 

. 

15 0 


P‘SLP y 10* 
(8]p. 

3 380 

j 1 401 

1 423 j 

3 447 

1 

3 m 

! 

~ 1 

3 405 j 



These values were found to be in good agreement with those given above for 
cane sugar * A similar set of data for KC1 gives the following smoothed 
interpolated values, the effect of temperature being stated to be negligible 


* The results for NaCl published by Bo us field (‘ Roy hoe Proe ’ A, vol. 103, p 429 
(1923)) appear to be considerablj in error, if we accopt the < nhbiation uith cane sugar ns 
correot, see below 
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[*»]#»• 


Table III 

x entratmn g KCI per 100 g water 

0 I 2 5 I 30 


3 310 2 201 


3 220 


Pt 11 llH 3 158 
M/»o 


3 203 3 191 3 182 ! 177 


3 1(17 I 3 163 1 3 1«1 


12 0 11 0 14 0 


1 150 3 1HI | 1 101 3 103 


These again, so far as they Imvc bun tested, have been found to be in good 
agreement with those for cane sugar and for NaCl 


Accuiacy 

Random eirors, at present uncontrollable, perhaps due to variations m 
setting up, appear to affect the readings, on the average to about 1 £ per cent 
with not too dilute solutions An early trial m which a solution of cane sugai 
5 g to 100 g watci, was compared sev< rul times with water, ltd to the following 
series of readings on the galvanomttc i scale — 

No 1 1 3 4 3 b 

Reading, mm G08 G05 606 601 601 602 

Constant after, minutes 30 13 32 51 35 60 

The agree me nt is unusually good, but shows what may sometimes b< attained 
The tests shown in Table IV, carried out at various times, give a fairer impression 
of the n\ eiage accuracy 
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Table IV —In this table percentage concentrations are given as grammes of 
solute to 100 grammes of water , molal concentrations as gramme- 
molecules to 1000 grammes of water Readings are given as turns of 
the rotary potentiometer (in the last experiment as millimetres on the 
scale) 


Experiment of December 16, 1020—- 

NaCl 1 per cent versus wator gave 0 20 turns 
NaCl 6 per cent versus water gave 65 50 turns 
Ratio —Observed, 6 98 , from Table II, 6 03 


Experiment of December 17, 1929— 
Number 

Cane sugar per cent 
NaCl, per oent 
Reading versus water 


12 3 4 

10 60 — — 

— — 16 

9 67 65 18 9 63 58 33 


The ratio of reading (2) to reading (1) is 6 81, from Table 1, 6 73 
The ratio of reading (4) to reading (3) is 8 06 , from Tablo II, 6 03 
The ratio of reading (4) to reading (2) is 0 89 , from lables I and II, 0 98 


Experiment of December 18, 1929— 

(а) NaCl 1 per cent versus cane sugar 10 per cent 

Ratio -Observed, 1 036, from Tables I and 11, 1 042 

(б) NaCl 6 per cent versus cano sugar b0 per cent 

Ratio —Observed, 0 917 , from Tables I and II, 0 933 


Experiment of December 21, 1929— 

NaCl 0 25, 1 and 6 per cent versus respectively, oane sugar 2 5, 10 and 60 per cent 
Ratios -Observed, 1 17,1 06 and 0 90 , from Tables I and 11, —, 1 04 and 0 93 


Experiment of Decembi r 10 1029 
Numbor 

Cane sugar, per oent 
NaCl, per cent 
KC1, per cent 
Glucose, per cent 
Reading versus water 
Ratio — 


00 

63 00 


2 3 

6 

10 

75 35 60 50 


10 

17 82 


10 01 10 13 


Reading (1) to (0) Observed, 6 21 , from Tablo I, 6 78 

Reading (3) to (5) Observed, 6 04 from Tablo II, 6 03 

Reading (2) to (3) Observed, 1 244, from Tables 11 and III 1 249 

Reading (3) to (1) Observed, 0 96 , from Tables I and II, 0 98. 

Readings (4) and (1) lead to a molal relative depression of 0 0185 for 10 per cent giucoso 
There are no data for gluoose in the ‘International Critical lables,’ but, if giucoso 
and oane sugar may be oompared, Table I gives for a solution of the latter of 
equivalent strength 0 01885 


Experiment of December 31, 1929— 

NaCl 6 per cent and 1 per oent versus, respectively, oano sugar 60 per cent and 10 per 
Ratios —Observed, 0 924 and 1 067 , from Tables i and II, 0 93 and 1 042. 


Experiment of January 2, 1930 —Comparison of NaCl 1 M and KC11M 
Face A NaCl KOI Water 

Faoe B KC1 NaU NaCl 

Reading turns -2 45 +2 45 + 59 3 

VP depressi o n KC1 , _ 2 45 = o MM 
V P depression NaCl = 59 3 

For 1 M solutions Tables II and III give a ratio of 0 967 
VOL OX XVII —A 


C 
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Table IV — (continued) 


Experiment of January 3, 1030—Comparwon of CaCI, 211/3 and NaCl 1 M 


taco A 
Faoe B 

Heading turns 
VJ J depression CaC'l 
V P depression NaCl 


1 3 
58 0 


NaCl 
CaCI, 
+0 80 

-- 1 022 


Naof 


Water 
NaCl 
+68 6 


There are no data in the Tables for CaCI, to ohcck this comparison. 


Experiment oj January 0 
10 404 per cent on 
experiment wua set 
Faoe A 
Face B 
Reading mm 
Ratio NaU/C h 
Faoe A 
Faoe B 
Reading, mm 
Ratio NaCl/C S. 


1930 and January 7, 1930—Comparison of 1 per cent NaCl and 
ino sugar, these, from Tables I and IT, should be isotonic The 
up nn< w 10 tunes in snooession, as follows — 


Water NaCl 

NaCl 0 8 

f-1223 -I 

— 1 001 


NaCl 
+ 14 
1 011 


NaCl 08 

0 8 NaCl 

+ 16 -20 

0 987 0 984 


0 8 NaCl C S 

NaCl C 8 NaCl 

4.4 -34 -32 

1 003 1 028 0 974 


NaCl 

ca 

-36 
1 029 


cs 

NaCl 
+ 16 
1 013 


Moan value of ratio 1 004 

Average divergence from mean [ 0 014 or 1 4 per cm nt 


Discussion 

The principle of the method described above is clearly nothing but that of 
the wet-bulb thermometer, inci eased in sensitivity It is interesting to record 
that A W Reed* m 1913 demonstrated the lowering of vapour pressure of a 
solution by two wet-bulb thermometers, moistened with a sodium chloride 
solution and with water respectively Reed used ordinary thermometers and 
gave no quantitative results 

Other methods of measuring the depression of vapour pressure in small 
quantities of solutions have been described, e g , by Barger and by Whytlaw- 
Gray and Whitaker f These have their advantages for special purposes 
The present method has, up to the present, been used only for aqueous solu¬ 
tions For solvents other than water it will be necessary to test, and perhaps 
to modify, the insulation of the thormopde One possible difficulty, which 
was expected, has not hitherto been encountered, viz, the adsorption of the 
solute by the filter paper , it would clearly be possible to avoid the effect of 
this on the vapour pressure by leaving the filter paper for a long time in an 
excess of the solution to come mto equilibrium with it When this has been 
done no effect on the reading has been noticed with the solutions employed 

* * Ohem, News,’ vol 107, p 64 (1913) 

t Barger, ’Trans Chem Soo vol 86, p 286 (1904), Wbytlaw Gray and Whitaker, 
‘ Leeds Phil Soo Proo vol 1, p 97 (1926) 
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If the method proves to be useful for more dilute solutions, or to a higher 
degree of accuracy, the possible effects of adsorption must be further examined 

By increasing the number of observations and taking a mean, as in the last 
experiment of Table IV, it is clearly possible to attain a greater accuracy than 
by a single observation That experiment shows clearly that the data of 
Tables I and II, for cane sugar and for sodium chloride respectively, are in 
close agreement Accepting the value for the molal relative depression of 
cane sugar as correct, that for sodium chloride (1 g to 100 g H 8 0) is calculated 
to be 0 0330 Interpolated from the data in the ‘ International Critical Tables ’ 
it should be 0 03286 The value calculated from the data of Bousfield and 
Bousfield is 0 0369, which is apparently in error to the extent of nearly 9 per 
cent The value for sodium chloride, 6 g to 100 g H 8 0, calculated from the 
results of Table IV, assuming the value 0 0330 for 1 g to 100 g H a O to be 
oorrect, is 0 0330, or, assuming the value for 00 g cane sugar to 100 g 
H a O to be correct, 0 0332 The value interpolated from Bousfield and Bous¬ 
field is 0 03425, which is 3 \ per cent greater than the mean of these Bousfield 
and Bousheld measured vapour pressure directly as pressure, a procedure which 
is apparently more liable to error than the weighing of the losses by evaporation 
from solution and solvent respectively when brought into equilibrium with the 
Bame slow stream of air (Berkeley, Hartley and Burton) 

Summary 

A thermoelectric method is described by which the difference of vapour 
pressure between two solutions, or between a solution and the pure solvent, 
can be measured The principle involved is simply that of a differential 
wet-bulb thermometer of high sensitivity A reading is obtained m 30 to 45 
minutes and the average error of a single observation ib of the order of lj per 
cent of the difference read 

My thanks are due to Mr A 0 Downing for the construction of the thermopile 
employed. 
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Quantitative Analysis by X-llay Spectroscopy 

By 0 E Eddy, MSc, Chamber of Manufactures Research Physicist, and 
Prof T H Laby , M A , Sc D , F Inst P , University of Melbourne 

(Comniunuatul l>v Sir Ernest Rutherford, P R S — Received December 9, 1929 ) 
fP late 11 
Summary 

The previous work of the authors on analysis by X ray spi ctroscopy, which 
was shown to be highly sensitive and capabl* of general application, has been 
developed as a method of quantitative analysis It has been tested in the first 
place on alloys of elements of nearly equal atomic number with widely varying 
concentrations, and is found to have an act uraoy of about 1 in 20U , successful 
preliminary experiments have been made with alloys of elements of unequal 
atomic number 

It is assumed that the ratio of tin number of atoms of two elements m an 
alloy of metals of near!) equal atomic number is equal to the ratio of the 
intensities of correspoudmg lines (say the Koq lines) in the spot tra of the elements 
provided the lines are exuted undei equivalent conditions The intensities 
have been determined photographically, and the great advantages of the 
photographic method for line intensity measurements are pointed out 

The effect on the assumption stated above of (a) the potential applied to the 
X-ray tube, (6) the variation with wave-length of the absorption and the 
photographic action of the lines measured, and (c) the inhomogeneity of some 
of the targets used are discussed and tested by experiment 

The results obtained are not in agreement in certain respects with those of 
previous workers (Joster and Nishina found that the presence of a third 
element affected the results of an X-ray analysis, which we have not confirmed 
for alloys, and came to conclusions unfavourable to the direct method used 
successfully m this investigation The ratio of the intensities of two lines of 
a given element is found to be independent of their absolute intensities, con¬ 
trary to the results of Gunther and Stranski 

The X-ray method of analysis has been applied to alloys obtainable only in 
small amounts, m which the element to be estimated was present m from 0 1 
to 0 01 per cent In such cases it is difficult to apply other methods The 
X-ray method was tested m a series of alloys containing traces of lead in zinc 
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As these elements differ widely in atomic number, the nu thod described above 
was replaced by one m which a comparison was made of the intensity of the 
lead Laj hues from each alloy with those obtained with an equal exposure from 
an alloy of known composition 

X-ray analysis should Ik of \ alue m testing the purity of metals to be used 
in the accurate determination of their physical properties 

Introduction 

In a previous paper* the qualitative detection of elements by X-rays was 
discussed and the method, although involving a complicated technique, was 
shown to lie verv sensitive and generally applicable In this paper, j" experi¬ 
ments will be described which had as their aun the investigation of the 
possibilities of quantitative analysis bv X rav spectroscopy In order to 
have, in the initial experiments, conditions to which existing thcorv is applicable 
alloys of metals of nearly equal atomic number were studied , some results 
however, are given for alloys without this restriction m their composition 
If two elements ere prese nt together m the focal spot, the ratio of the inten¬ 
sities of corresponding hues in their spectra should be equal to the ratio of 
the number of atoms of each dement excited and if the elements are present 
m a homogeneous mixture, this should lie equal to the ratio of the number of 
atoms of each elemc nt present If the percentage of one element is known, 
and the ratio of the intensities of corresponding lines be measured, then it 
might appear that the percentage of the second element could bo calculated 
The following fac tors, however, render the position much less simple than this 
I [/me Intensity and Applied Potential —The intensity of an emission line 
is dependent upon the voltage applied to the tube If V be the applied 
potential, and V K the critical voltago required to excite the hnc, then the 
intensity of the hne has been found to be a function of V — V K The exact 
nature of this function is in some doubt, Table 1 shows the values obtained 
by several investigators using various spectra , m the fifth column the method 
used for measuring the intensity is indicated, I denoting the ionisation method 
and P the photographic method The large discrepancies between the values 
shown may be due to variations in the applied voltage (even small variations 
produce a large effect) and to difficulties m the measurement of spectral hne 
intensities 

* Eddy, Laby and Turner, ‘ Roy Soc Proc vol 124, p 249 (1029) 
f Mr Turner shared in the initial stages of the present investigation, and assisted m 
checking the photographio line intensity measurements 
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Whatever the real relation may be, only in the case of two elements lying 
close together in the periodic table will their critical voltages be so nearly 
equal that this factor will not be of considerable importance The intensity 
of the lines of tin L senes is further dependent upon whether the applied voltagi 
is sufficient to excite the K series or not It. must also be remembered that the 
emission line is superimposed upon a continuous spectrum, and the intensity 
of this must be taken into account when measuring the intensity of the line 

2 Non-homogeneom Targets — The ratio of the numbers of atoms of pach 
element in the focal spot may not be the same as in the whole target, since 
the focal spot is generally less than 5 mm 2 m area and the cathode rays pene¬ 
trate only a few hundredths of a nullinutre the target should lie sensiblv 
homogeneous if accurate results are to be obtained Further, where one 
element is more volatile than another (< q , if an amalgam is used as a target) 
the ratio of the number of atoms may c hange as the target bin omes heated 

3 Comparison of Ismes of <hff< rent Wave Unqth The two lines to be com¬ 
pared will have different wave lengths The absorption of a beam of X-rays 
in passing out of the target, through the tubi window, the air in the spectro¬ 
meter, and the film wrapping will be diflerent for tin wave lengths under 
comparison, and the ratio of the intensities of the two lines when they roach 
the him will not be the same as the ratio of the intensities of the lines as they 
are produced m the target Further, the photographic effect produced by 
the lines* is a function of their wave h ngth It has been shown alsof that the 
intensity of an emission line may lie reduced by critical absorption in the 
target material itself, when the wave-length of the line is less than that of an 
absorption edge of another constituent The different lines, too, will be 
reflected by different parts of the crystal, and, m genoral, the reflecting power 
of a crystal will vary over its surface The effect of this variation can be 
leduced by (1) using a narrow incident beam of X-rays , (2) having this beam 
accurately centred about the rotation axis , and (3) using a uniformly rotating 
crystal The reflecting power of a crystal is further not wholly independent of 
the wave-length, £ but it does not vary appreciably over small wave-length 
ranges 

It is therefore evident that any method of quantitative analysis utilising a 
direct comparison of the mtensities of two corresponding lines must take into 
* The photographic method only is discussed hore because (1) it has the advantages 
stated on pp 26, 27, and (2) the ionisation method has not been used by previous workers 
for the purposes under consideration 

f Gunther and Stranksi, ‘ Z Phys ('hem vol 118 p 267 (1926) 

% Wagner and Kulenkampf ‘ Ann Physik,’ vol 68, p 369 (1922) 
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account (as far as this ih possible) the action of all these factors It may be 
noted here also that, since the relative intensities of two lines in the same senes 
may change with the atomic number of the emitting element,* neither existing 
theory nor observation triable the relative amounts of two elements to be 
deduced from the ratio of tho intensities of two lines in different senes or of 
two different bncs in the same sines Although it is obvious that there are 
many inherent diffiiulties, it is evident from the reasons indicated by us 
pri viously (loc <nt , p 2t»7) that the development of any spectroscopic method 
capable of giving reasonably accurate results is of consideiable importance, 
particularly if it could be applied to the estimation of elements present in 
quite small amounts 

Prmvui Work --A number of workers have made quantitative analysts 
of materials by X-ray spectral methods, and conflicting conclusions have been 
drawn from the various results Haddingf showed that the values gw n by 
X-ray analysis are erroneous when the factois influencing the intensity of the 
spectral lines are not taken into accouut Gunther and Stranski (loc cit ), 
in an analysis of an alloy containing 50 per cent each of nickel and cobalt, 
obtained, from different photographs, values for nickel varying between 46 
and 06 per cent In further experiments to discovtr tho reason for these 
divergent results, thty arrived at tho conclusion that the ratio of the intensities 
of two hues in the same series of an eh ment was not constant but varied with 
the intensity of one of them This result, if true, would make quantitative 
X-ray analysis difficult, if not impossible but reasons are given later foi 
believing Gunther and Stranski to be in error 
Coster and Nisluna.J in a series of careful experiments on the determination 
of the hafmum content of several zirconium minerals, came to a conclusion 
unfavourable to the direct method of determining amounts of an element, 
and evolved an empirical method which gave accurate results In their 
experiments however, the materials to be analysed were in the form of 
powders rubbed into the roughened copper surface of the target, and this may 
have introduced errors due to causes discussed later 

Several writers§ have shown that a fairly good idea of the quantity of an 
element present can be obtained from a direct comparison of line intensities 
* Coster, ‘ Phil Mag vol 43, p 1102 (1922) 
t Hadduig, ‘ Z Anorg Chem vol 122, p 195(1922) 
x ‘ Chem Nows,’ vol 30, p 149 (1925) 

| Gunther and Wilche ‘Ann Chem.’iol 440, p 203 (1924), 1 Plijs Chem vol 119 
p 219(1920), Gunther ‘Z Angew Chem ,’ voL 37, p 355(1924), Thomassen, ‘ Staatens 
R&astoffkomite Publications ’ vol 21, p 108(1925) 



Quantitative Analysis by X-Ray Specti oscopy 25 

Unfortunately all the factorti which introduce errors have not been considered 
and m some cases the spectrographs used have not been suitable for precise 
measurements The method has not been tested however, for small quantities 
of an impurity (amounts leas than 1 per tent), and it is m this region that a 
spectroscopic method is likely to piove most valuablt A great deal of interest 
has been shown in the discussion* of the possibilities and limitations of the 
X-ray method, particularly because the necessity for some physical means of 
rapidly and accurately analysing materials for small amounts of impuntu s 
has arisen in recent years 

The possibility of analysis using X-ray absorption spectra for determining 
the amount of an element has been investigated by Glocker and Frohnmeyer 
Delauney, and Gunther t In tins method the material to be analysed is 
placed m the path of the X-ray beam and absorption edges due to the elements 
present are obtained If the ratio of the intensities of the continuous radiation 
on each side of the absorption edge is measured, then the amount of the clement 
can be calculated This method has many advantages (1) the results do 
not depend upon the voltage - ]: applied to, or the < urrent through, the tube 
(2) no corrections for difft rentes in absorption or photographic action are 
required, since the wave lengths compared art practically the same , (3) no 
special X-ray tube is required, as an oidmarv commernal tube can be used, 
thus the troublesome evacuating system is not necessary , and (4) the material 
to be investigated may be a metal in shut form or it may be a powder or a 
solution Unfortunately, however, it is muc h moic difficult to detect a faint 
absorption edge than a famt emission line and therefore the absorption method 
is not so readily applicable to the estimation (or dete< tion) of small amounts 
of an impurity as the emission method It was therefoie de< lded to investigate 
the a< curacy with which analyses could be made by the emission method wht u 


* Gunther, ‘ Natuiwiss ’ \oI It ]> 1118 (1020), Gunther and Stianski ‘Z Phjs 
Chem.’vol 100, p 413(1023), Rtintzing,‘Z Phvs Chem vol 107, p 164 and vo) 
108, p 61 (1024) ' Phvs Z vol 23, p 404(1022) and vol 27 p 844(1926), Beckei 

‘ Metallborse,’vol 14 p 207 (1024), Sterzel, ' Z Tech Phys ,’ vol 6, pp 22, 52, 84 and 
125(1024), Glocker, ‘ Fortschr Gcb Roentvol 31 p 00 (1021) Reis ‘Z Angew 
Chem.’vol 38, p 240(1026), Hovosv, ‘ t'hem Rev ’vol 3, p 121(1027), Borg ‘Siemens 
Z vol 6, pp 135, 187 (1026) 

t Glooker and Frohnmejer ‘ Ann Phymk,’ vol 76 p 160 (1025), Delauney, ‘ C R 
vol 180, p 1658 (1025), and ‘Bull Soc Ghom,’ vol 30 p 805 (1926), Gunther, 
‘ Naturwiss vol 14, p 1118 (1926) 

X It is only necessarv that the i oltage should be less than that required to excite second 
order radiation 
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the errors due to the various factors mentioned above were made as small as 
possible 

Measurement of Intensity of X-ray Lines The measurement of X-ray 
intensity can be made m two ways (1) by determining the rise in temperature 
caused by the total absorption of the X-ray beam, but this is unsuitable when 
faint X-ray beams are to be measured, (2) by measunng the effects of the 
electrons ejected from the atoms due to the passage of the X-iay beam This 
latter method is equivalent to counting the number of X ray quanta, which 
may be done in three ways by the use of (a) an ionisation chamber, in which 
the X rays pass through a gas and the resultant ionisation is measured (ft) 
the Geiger counter, in which the photo and the recoil electrons produce a 
sudden electneal discharge, (c) a photographic plate or film, in which the 
electrons ejected in the emulsion render the silver halide grams developable 

The ionisation method has usually been used for measuring X-ray intensity 
Recent measurements of the mergy required to form a pair of ions in air, 
however, differ considerably amongst themselves, and discussions of the 
recently adopted unit of X ray exposure (the loentgen) have emphasised the 
difficulty of measuring X-ray energy by ionisation methods * The character¬ 
istic features of the ionisation method are (a) the fraction of the energy absorbed 
jier unit volume of the gas used is very small, (ft) this absorption depends on 
the wave length of the imitation being measured , (c) the currents produced in 
the ionisation chamber vary with variation of the source, and are generally 
very small and consequently difficult to measure For ai curacy m the ionisa¬ 
tion method, the photo-electrons ejec ted by the X-rays should not in general 
be incident on the electrodes, and there should not be critical absorption by 
the gas The characteristics (a) and (c) make the measurement of a narrow 
beam of X rays of small intensity, such as occur m spectroscopy, very difficult 
The photographic method has usually been regarded as less trustworthy 
than the ionisation method, although it is well known that self-consistent 
results, and results in agreement with the ionisation method, have been obtained 
for spectral lme intensities Experiments carried out in this laboratory, 
however, have shown that the photographic mothod possesses definite advan¬ 
tages under certain conditions, and Dr L H Martin using the photographic 
method for the measurement of X ray absorption coefficients, is obtaining 
values in very good agreement with ionisation determinations The features 
of the photographic method are (a) the absorption per unit volume in the 

* Crowther ‘ Bnt J Radiology,’ vol 2 p 175 (1929), Taylor, ‘ Bur Standards Res 
vol 2 p 771 (1929) 
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emulsion is very much larger than m a gas* , (6) the absorption is dependent 
upon the wave-length, (c) the effect of X-ray beams of very small intensity 
are cumulative, and so with sufficient exposures give measurable photographic 
densities , and (d) permanent records of intensity are made simultaneously at 
a number of places on the plate As m the ionisation method, errors are 
introduced by critical absorption in the emulsion The characteristics (a), 

(t) and ( d) give the photographic method great advantages for measuring 
spectral line intensities Although the relation between density and the 
intensity of the radiation producing it is not the same for all wave-lengths, it 
is an easy matter to determine this relation for the wave lengths used The 
degree of photographic density can be measured rapidly to an accuracy of 
rather better than 1 per cent bv means of a Moll recording micro-photometer 

Ex per ment 

The appaiatus described previously was used , only the few modificatipns 
rendered necessary by the nature of these experiments will be mentioned 
here 

The X ray Tube -The hot-cathode, watercoolcd, metal type of tube with 
easily replaceable targets previously described,f was modified by the intro¬ 
duction of a brass tube connected to the central metal portion and surrounding 
both electrodes in the manner described by Martin^ , this cylinder has the. 
effect of “ hardening ” the tube and ensures steadier running conditions, which 
is especially necessary for quantitative work The running of the tube was 
further improved by the substitution of a four-stage Gaede mercury diffusion 
pump m place of the smaller Gaede pump used previously, and the mercury 
vapour was absorbed in a liquid air trap instead of a potassium trap In 
some of the later experiments, a Philips demountable Metallic X-ray tube 
type “ B ”§ (presented to the laboratoiy by the Philips Lamp Company of 
Australia) was used, and proved vt ry satisfactory , the rubber gaskets enable 
joints to be made rapidly and surely and the tubo is quite leak-tight For the 
rather special problem we were engaged m, however, this tube hail two dis¬ 
advantages In order to run the tube continuously on a load of half a kilo- 

* A rough calculation shows that the absorption m the photographic film used is about 
12,000 times as great as that of an equal thickness of air, and an ionisation chamber con 
taining air at atmospheric pressure would need to be over 3 metres m length if the earn* 
absorption as m the emulsion is produced 
t Eddy, Laby and Turner, loc at , fig 3, p 265 
x ‘ Proc Camb Phil Soc ,’ vol 23, p 786 (1927) 

§ For a desonption of this tube see Bouwers, ‘ Physica,’ voi 5, p 8 (1925) 



28 


C E Eddy and T H Laby 

watt, it was found necessary to attach watercooling jackets to the anode 
block, possibly the necessity for this extra cooling would not arise if well 
degassed targets of high melting point were used Further, m spectral 
analysis work it is essential that the only radiation entering the spectrometer 
should anse m the target material itself, and m the tube of our own design 
this was provided for The Philips tube is so constructed that some scattered 
radiation from the chrome-iron wmdow support can enter the spectrometer 
and thus lines which are due to materials in the tube, and not in the target, 
may be obtained , this objection could easily be overoome by slightly modifying 
thi window support to enable it to bo faced either with a pure element or the 
material under examination 

Calibration of the Photographic Films —Two kinds of films were used, at 
first Kodak “ superspecd ” duphtised X-ray film with a Wratten hydrokinone 
developer was employed, and later ‘ Agfa ” double-coated rontgen film with 
the special metol-hydrokinone developer recommended for it The Agfa film 
was found to be very satisfactory for quantitative work, ns it has a very fine 
and well distributed gram, and a further advantage arises from the fact that 
the emulsion surface is particularly hard and is not easily scratched 

Standardised developing and fixing conditions were adopted It is 
particularly important to develop at a constant temperature , this was 
accomplished by developing m a large test tube immersed in water contained 
in a Dewar flask The film was held in a vertical position in the solution and 
constantly agitated , this precaution is necessary when using duphtised film, 
as the products of decomposition are removed and development is complete 
and uniform, and chemical fog is also decreased The development of duphtised 
film in flat trays is unsatisfactory, as the density obtained is less than for the 
vertical position, probably because fresh developer does not reach the 
underside 

The density produced m an emulsion is not only a function of the intensity 
of the X-rays incident upon it, but also of the tune of exposure t, the wave¬ 
length X, the nature of the developer, its temperature and time of action As 
is well known, the Hurter and Dnffield relation D = a + y log E holds for 
X-rays as well as bght, where D is the photographic density produced by an 
exposure E (E = It), and a and y are constants for a given wave-length and 
emulsion developed under fixed conditions I is the intensity of the X rays 
measured as the energy incident per unit time per unit area on the film, and 
t 18 the time of exposure The photographic aotion has been found* to be 
* Sohwarzsohild,' Astrophys J vol 11, p 89 (1900) 
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determined by I t v Values of p leas than unity have been observed, but for 
intermittent exposures such as we have used p = 1 within the limits of expen- 
mental error * 

The Hurter and Dnffield curve for a given photographic film and for X-rays 
of a definite wave-length (eg, the Ka doublet of zinc) was determined in these 
experiments by photographing these lines with about 15 exposures, four or 
five films being used The potential applied to the tube was a mechanically- 
rectified alternating potential, the RMS value of the intermittent impulses 
being measured by an Abraham and Villard electrostatic high-tension volt¬ 
meter in parallel with the tube This potential was kept at a definite value 
during an exposure by means of a fine-adjustment rheostat m the primary 
circuit of the transformer The time mean of the intermittent current through 
the tube was given by a moving coil milliammeter, the value bemg read at 
intervals of 5 seconds to take into account any small fluctuations The 
intensity of the X-rays emitted for constant conditions of applied potential 
was taken as I = constant (i t) where i is the mean tube current Dumig 
an exposure the crvstal was rocked symmetrically with uniform Hpeed over 
both lines 

The photographic density was measured with a Moll registering micro¬ 
photometer The density is defined as the logarithm of the ratio of the 
intensity of the light incident on the film to that of the transmitted light, the 
light intensities being proportional to the galvanometer deflections The 
density duo to the line is superimposed on a background duo to the celluloid 
and emulsion, the chemical fog and the continuous radiation, and it can 
readily be shown that the density of the line alone is given by the logarithm 
of the ratio of the light transmitted by that part of the film affected by fog 
and continuous radiation to that transmitted through the line Tunes of 
exposure were selected so that the resultant line densities were such that the 
incident and transmitted light beams produced galvanometer deflections of 
the order of 10 and 5 cm respectively, so that errors introduced in measuring 
the density were small The Moll galvanometer possesses excellent zero¬ 
keeping quahties and the time lag of the thermopile and galvanometer combined 
was of the order of 1 second, enabhng films to be passed through the mstru 
ment quite rapidly 

On plotting the value of the density of the oq lino against the logarithm of 
the exposure, the usual Hurter and Dnffield curve was obtained, the points 

* Glocker and Traube, ‘ Phys Z voL 22, p 345 (1921), Bouwers, “ Over hot meten 
der intensiteit van ROntgonstralen,” Eindhoven, 1924 
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lying well on a smooth curve (see figure) It will be noticed that a straight 
lmo part of the curve is not so muoh in evidence for X-rays,* and for small 



values of the density a straight hue is obtained when density is plotted against 
exposure (or intensity) Graphs constructed from the a 2 line were found to 
lie parallel to those for the a x line From the graph could be read the intensity 
corresponding to any measured density for any radiation with a wave length 
near to that of the zinc lines Similar calibrations were carried out for other 
wave lengths whon required, but the variation in photographio action for the 
film used over a wave length range from 1800 to 500 X U was so small that 
* See also Dobson, Griffith and Haiuson, ‘Photographic Photometry,’ p 25 
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the curves could be fitted together by suitably altering the intensity 
ordinates * 

The accuracy with which the calibration <urve could be constructed was 
determined by the steadiness of the tube current and voltage during an exposure 
and by the accuracy with which the current, exposure time, and density were 
measured As the relative intensities of certain X-ray fines are known, it 
was decided to test the photographic method by measuring some of these 
ratios It is to be noted that the spectrometer adjustments (particularly 
setting the crystal in the rotation axis, and centering the X-ray beam through 
the axis) must be carried out very accurately for precise measurements of 
relative intensities Further the crystal must be rocked symmetrically at a 
uniform speed over both fines , by using an unsymmetrical sweep, or by setting 
a stationary crystal a httle away from the mean reflecting angle, it is possible 
to alter erroneously the observed ratio of the intensities of the Ka 2 to a x 
fines from 0 5 to 1 5 

The results for the ratio of the intensity of the a 2 to that of the a x line, with 
the intensity of the * 1 fine, are shown in Table 11 for zinc and silver in the K 
senes, and for tungsten in the L senes, as well as the ratio of the to oq m 
the K series of zinc The values obtained agree well with the previous deter¬ 
minations and with the theoretical values of 0 50 for the « doublet in K senes 
and of 0 10 for the L senes, showing that the photographic method is reliable 
m comparing spectral fine intensities 


Table II 


Zinc Ka lines 

Intensity a, 
Ratio a,/a, 

14 8 

0 50 

16 6 

0 61 

16 0 

0 60 

17 3 

0 63 

18 1 

0 62 

0 51 

Zinc K hncs 

Intensity a, 
Ratio jSu'a, 

14 2 

0 28 

16 8 

0 26 

10 4 

0 20 

24 6 

0 27 

31 2 

0 26 

0 27 

Silver K linos 

Intensity a] 
Ratio a,/a t 

17 0 

0 52 

17 8 

0 63 

21 5 

0 51 

26 6 

0 60 

31 6 

0 51 

0 51 

Tungsten La lineB 

Intensity a, 
Ratio a,/a, 

16 4 

0 11 

10 7 

0 11 

26 1 

0 11 

28 5 

0 11 

30 4 

0 10 

0 11 


The contention of Gunther and Stranski that these ratios vary with the 
intensity of one line is fundamental to quantitative analysis by X-rays 


* Dr L H Martin, working in this laboratory has developed a more accurate method 
of film calibration employing a balance method, and has confirmed this observation over 
the same wave length range 
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Determinations of the relative intensities of different paira of lines m the same 
senes of a particular element have been made by Unnewehr, Siegbahn and 
Zacek, Allison and Armstrong, and Webster,* but none of these writers record 
any evidence of a vanation of these ratios with the intensity of one line 
Theoretically, the ratio of the intensities of the lines is the ratio of the prob¬ 
abilities of the electronic transitions which give rise to the lines, and this is 
constant for a given element Our results given in Table II show that over 
the range of intensities considered the ratio remains constant, and there is no 
evidence of the systematic variation found by Gunther and Stranski 

Method of Analysts —An attempt was then made to estimate quantitatively 
the amount of an element present m an alloy In order to reduce as far 
possible the errors due to the factors previously discussed, the following 
experimental plan was followed - 

1 Applied Potential — In view of the uncertainty of the relation between 
the intensity of a line and the excitiug voltage, the lines due to each element 
were photographed separately, the voltage being adjusted in each case to 
exceed the critical voltage for the element by the same amount (usually 10,000 
volts) This did not entirely remove the error, however, for the penetration 
of the cathode rays into the target would be greater when the lines of the 
element of higher atomic number were being photographed, and thus a greater 
number of atoms of that element would be excited Since the elements con- 
sideied were of nearly the same atomic number, this difference m applied 
voltage was so small that the increase in the range of the cathode ravs (as 
calculated from the formula of Bohrf) was very small, and since further the 
increased voltage would tend to dimmish the area of the focal spot by virtue of 
the sharper focusing of the cathode lays, the resultant error was negligible 

2 Homogeneity of the Target —Both homogeneous and heterogeneous alloys, 
as shown by the appearance of the focal areas m the microsoope, were used 
The elements selected had melting points high compared with the temperature 
of the focal spot, so that errors would not be introduced by the volatilisation 
of one element It was found, moreover, that with satisfactory watercoolmg 
of the target, alloys with melting points as low as 160° C could be used 

3 Wave lengths of the lines compared —Smce elements of nearly the same 
atomic number were used, the spectral lines which were compared were nearly 

* Unnewehr, ‘ Phys Rev vol 22, p 529 (1923), Siegbahn and Zacek, ‘ Ann Phymk,’ 
vol 70, p 369 (1925), Allison and Armstrong, ‘ Phys Rev voL 20,Jjp 701 (1925), 
Webster, ‘ Proo Phys Soc ,’ vol 41, p 181 (1929) 

t' Phd. Mag vol 30, p 003 (1915) 
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of the same wave length, so that differences in absorption and photographic 
action introduced no appreciable error Pare was taken that no line was 
used which could undergo a selective absorption either m the target material 
or in another part of the appai at us 

Composition of the AUoys - The various alloys were prepared from the puie 
elements obtained from Kahlbaum The melting was earned out in vacuo to 
prevent oxidation ami to produce a ‘ gns-fiec ” target The elements were 
thoroughly mixed by keeping them in a molten state for about half an-hour 
and vigorously shaking them The taiget faces were prepared in the manner 
described previously to prevent contamination The composition of some of 
the alloys was determined by caieful i hemical analysis, the others by synthesis 
this could be done very aicurately when the melting points of the components 
were not too greatly diffeicnt and oxidation was prevented The success of 
a synthesis was established when the mass of the allov obtained equalled the 
total mass of the components used 

During the operation of the tube, the target face became contaminated 
with a deposit of tungsten from the filament, as this him of metal of high 
atomic number appreciably absoibed the compaiatively soft X-rays used, th< 
target faces wi ic frequently * lean* d by removing the top layei In this wav 
two or more focal areas were us* d during an analysis 

Exposures —Usually the a lines of cither the K or the L series were used m 
a comparison Photographs were taken of the lines due to each element m 
turn, the portion of the him where the lines due to one element would fall 
being sueened with a lead stup while the lines of the other were being photo 
graphed This is particularly necessary when the percentage of one element 
is small, as during the longer exposure required the him is affected by scattered 
or badly focussed radiations The exposures for the two sets of lines weio 
adjusted so that nearly equal densities of a value suitable for the photometer 
were obtained 

Calculation of the Imownt of an Element -If I be the intensity of a line as 
determined from the measured density by using the Hurtei and Dnffi* Id graph, 
n the number of atoms of the emitting element per unit volume in the target 
and i the tube current passing during the exposure time t, then I « i in ff 
two elements are present together in the focal spot, then the ratio of the 
intensity of corresponding lines in their spectrum is given by 

h, = l ik n i 
I a <f>2Hh n s V 


vol exxvir — i 
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where <f> represents the eftiuencj of production of characteristic radiation for 
the element, and v t , v 2 represent the volumes of the target in which the radiation 
is excited As has been pointed out earlier for elements of neai atomic 
number, can be written as umt\ without the introduction of 

appreciable error, and we l»a\< 

>i\ l|i 2 Ao 

n « TjijAi 

The ratio of th< weights of two dements present W x ; W 2 is given by o 1 » 1 /a 8 w 2 
where a v a i an the respective atomic weights When a binary alloy is 
considered, W, AYcan be replaced bv W j/(100 — W 2 ), and the percentage 
of each element can be calculated directly 


Results of 4 nalyst s 

The results of analyses of several alloys are given in Table III In general, 
four films were measured for each alloy, and each film was photometcred at 
four different places across the lines Part of the variation between the results 
from the different films is due to the experimental errors in determining the 
i xposure time and the tube current, and in holding the voltage c onstant In 
addition, since all films were not taken with the same target face part of the 
variation mav be due to differences in the composition of the alloy from place 
to place m the target Experiments showed that exposures which from the 
measured values of tA were equal produced tqual photographic action to 
within I per cent The variation in the results obtained from different places 
cm the same him may be due to (1) inequalities in the emulsion and (2) hetero¬ 
geneity of the target Experiment showed that the second factor was actually 
present, while the intensity of a line varied along its length, the ratio of 
intensities at points on the same level on two lines of a given element was 
constant, but it was not constant for lines of different elements m the same 
target It will be noticed that there is a better agreement between the values 
obtained at different levels when the target is homogeneous than when it is 
not 
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Table III *—Alloy 1 - Cum Zn Cu 73 00, Zn 27 00|, homogeneous 


film 


72 8 

73 0 
73 3 


72 7 

73 5 
73 3 
73 2 


73 0 

72 9 

73 4 
73 5 


Grand mean 73 1, per cent 
Mean dep t 0 2 per oent 
t> - X,jj 0 16 per cent 


Alloy 2 —Cu in Zn Cu 73 00, Zn 27 00f , homogeneous 


72 0 

73 0 

72 9 

73 8 


Mean 72 8, 




72 8 

73 1 
73 2 


73 0, 


73 1 73 3 
73 3 73 6 
73 3 73 l 
73 6 I 71 3 

71 3„ j 71 3, 


Grand mean, 73 1, per oent 
Mian dep 0 2 per cent 
( - \,tl 11 per cent 


Alloy 3 - Cu m Zn 


Cu 1 12 per cent 


heterogeneous 


ill , l 16 

in 1 06 

1 09 1 19 


1 11 1 14 



l 16 
1 16 

1 17 


Grand mean 1 13 percent 
Mean dep , +0 05 p* r coni 
C - X, 0 01 per oent 


* The compositions given in this table are from chemical analysis 
t These alloys had the same composition , alloy l was annealed, alloy 2 had a < ored 
structure produoed by rapid cooling 

t The “ mean departure from the mean ” calculated from the 16 readings, is used m 
preference to the “probable error,” as the probable error indicates an accuracy greater 
than our experimental errors would pcimit 

J C — X represents the difference botween the results given by chemical and X ray 
methods 
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Table III •—(continued) 


Alloy 4 ('u in Zn (Ju 0 112 per cent , heterogeneous 




0 no 

o 107 
0 130 


0 101 
0 108 
0 129 


Moan 0 


114 


0 113 




0 126 | 0 109 

0 121 0 106 

0 126 0 134 

0 121 | 0 116 


Grand mean, 0 117 per cent 
Mean dep , -t 0 011 per cent 
(* — X, 0 006 per cent 


The vanation in the individual results for alloys 1 and 4 is verj marked, the 
results falling close to either one or the other of two well defined values Both 
these alloys show, under the microscopt, evidence of two different sohd solu¬ 
tions, and it may be that the variation m the results is due to the predominant o 
of one or the other of these throughout tht focal spot Tin values can be 
divided m the following way 

j | Mean 

I 11) 1 11 1 09 1 06 1 04 l 07 108 1 (111! 

I I HI 1 19 1 19 1 18 I U. 1 16 | l 17 l-o 01 

i 0 110 0 103 0 101 0 108 O 109 0 106 J 0 106 1- 0 OOl 

| 0 129 0 126 0 130 0 121 0 126 0 134 0 128 ± 0 001 

If it is to be inferred that the two sets of values give the composition of the 
two types of crystals, then the X-ray method must be very sensitive to 
variations in the composition of the target This might appear to he a serious 
disadvantage, since usually materials for analysis are heterogeneous, and results 
obtained from small portions of the area of the focal spot (about 3 square 
millimetres) and a few hundredths of a million tre thick would not necessarily 
be true for largei portions An improvement ian be made by substituting a 
flat spiral cathode giving a circular focus of as much as 5 mm diameter, thus 
enabhng a much larger sample to be used , if the spectrometer slit system is 
placed at glancing incidence to the target face, no great diminution m the 
energy being analysed results It haB been found, however, that even with 
coarse giamed targets no larg< errors are introduced On the other hand, 
it would appear to be possible to develop an X-ray method, using a pm-hole 
spectrum of the target, which would give information concerning the variation 


\lloy 7 
Alloy 4 
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in the chemical composition of the crystals forming the surface of a metal, 
such as is required in investigating problems in coriosion 

The results of the analyses of four other alloys are shown together in 
Table IV As in the previous table four readings were taken for each film 
but for the sake of brevity onl\ the mt.in foi tach film is given 


Table IV 
Type j 


70 8 per < ont ,Sn* I Homogeneous 
29 2 {x r ct nt ( .1 l 
(fut.ee tic) 

60 45 per cent I’b I Hf lerogeneoua j 
39 55 pel oent Til 
(synthesw) ] 

12 21 per cent /n ' Heterogeneous 
in a /nt'uSn alloy 1 
(ohenm&l tninlym-a) 


17 00 per cent Sn 
82 96 per cent /n 
(ohemioal nnalywos) 


I 


tic r» 

12 I 


Heterogeneous j 

_I 

Moan of tho pubhahid valms for tho composite) 


7(1 8 t 0 1 per cent 

fill 2 t 0 4 per cent 


The third column of the table indicates the nature of the target, while in the 
fourth are given the mean values for the composition obtained from each 
him The final mean, as well as the mean departure from the mean calculated 
from the 16 results obtained for each alloy, are in the last column 
The target used for alloy 5 was the eutectic of cadmium-tm It was foimd 
difficult to prepare a sample of this eutectic which was uniform throughout, 
but an ingot was obtained which had a central core of eutectic of about 1 cm 
diameter surrounded by a layer containing excess cadmium The centre was 
then used as the target, but unfortunately the composition of the core could 
not be calculated from the synthesis The published values for the com¬ 
position of the cadmium-tin eutectic are not in good agreement, that given 
in the Landholt-Bornstem Tabellen (1912) is 71 9 per cent tin, in 1927 70 0 
per cent, and tho International Critical Tables 72 0 per cent, so we have used 
in preference the mean (70 8 per cent) of the following values Stoffel 70 59, 
Schleicher 71 4, Lorentss and Plumbridgc 70 0, Manzatto 70 0, and Bucher 
72 0* 


* Stoffel ‘ Z Anorg Chem vol 63, p 14 (1907), Sohleicher, ‘ Inter Z Metall,’ vol 
2, p 76 (1912), Lor ont* and Plumbrulge, ‘Z Anorg Chem,’ vol 83, p 235 (1913), 
Manzatto, 1 Inter Z Metall,’ voL 4, p 13 (1913), Bucher, ‘ Z Anorg Chem vol 98, 
p 106 (1916) 
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Alloy 5 is (with the exception of alloy 8) the only one in which the two 
elements compared are not of adjacent atomic number Here the difference 
in atomic number (Cd = 48, Sn = 50) is associated with a difference in 
excitation voltage of 2,400 volts compared with differences of only 800 volts 
for the copper /me, and 600 volts for the lead-bismuth alloys, and this would 
possibly increase the radiation from the tin as the penetration of the cathode 
rays would be a little deeper when the tin lines were being photographed , 
further, th< K lines of tin will be subject to slightly less absorption than those 
of cadmium The effect of these two factors would make the X-ray analysis 
value for the tin content a httle higher than the true value, and we conclude 
that the cadmium tin eutectic does not contain more than 71 1 per cent of 
tin, and possibly a httle less 

With this alloy an analysis was also made by comparing the intensities 
of the Ka 2 lines, the mean value of 71 3 per cent agreeing well with that of 
711 per cent derived from the a! lines 

A further result of interest was obtained with this alloy The critical 
absorption edge of cadmium is of longer wave-length than that of the K(S X 
Ime of tin, and the line would therefore suffer selective absorption , it is to be 
expected that the re suit obtained from a comparison of the (l x lines of the two 
elements would give too low a value for the tin content Measurements showed 
the apparent amount of tm as 61 4 per cent, illustrating the magmtude of 
the error due to selective absorption This erroi would be increased when 
dealing with alloys of greater cadmium content 

The termary mixture of copper, zinc and tm in alloy 7 was investigated to 
determine whether the relative intensities of the lines of two elements would be 
influenced by the presence of a third Coster and Nishina found that the 
presence of a third component changed the relative intensities of the lines 
due to the other two elements , for example, with a mixture of SnO and Sb 2 O s 
containing equal numbers of tm and antimony atoms, the ratio of the La 
lines of antimony to tin was found to be unity when 88 per cent of CaS0 4 
was added, but increased to six when the amount of CaS0 4 was reduced to 
zero The reason for this result is not at all obvious, but as Coster and Nishma 
had used the “ rubbed powder ” method of preparing their targets it was 
thought advisable to test this point with an alloy target 

With this mixture of three components it was not possible to determine 
directly the amount of one element present, instead the ratio KaqZn KajCu 
was determined and the zinc content calculated from the known copper content 
The results obtained show no evidence of the effect found by Coster and Nuhina 
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The analysis of alloy 8 was earned out to determine the eirors involved 
when two elements of very different atomic number are compared In this 
case, tin (N = 50) requires an excitation potential of 29 1 kilovolt, while 
zinc (N = 30) needs only 9 05 kilovolt The depth of the focal spot when 
the tin lines were being photographed was consequently a great deal largei 
than for the zinc lines , m addition tin absorption experienced by the zuk 
hnes (X = 1415 X U ) was much greater than by the tin lines (X = 494 X U ) 
the total effect of these two factors being to greatly increase the apparent value 
of the tin content 

A survey of all the results obtained shows that the mean departure from the 
mean is about 0 5 per cent when tin element occurs in amounts of 50 per 
cent or more, and is as httk as 0 01 per tent when impurities of aliout one- 
tenth of 1 per cent are bung estimated * While the accuracy reached with 
larger proportions docs not approach that obtainable under favourable con 
ditions by chemical analysis it apjnars that for lower proportions than 1 
per cent the method may be extremely useful 

it is evident that the intensity of the emission linos is directly proportional 
to the amount of the eleim nt present m an alloy, and results of reasonable 
accuracy can be obtained when elements of adjacent (oi nearly adjacent) 
atomic number are being compand Direct determinations of amounts of 
elements of widely diffeient atomic number would only be possible when 
preliminary experiments detoimining the effect of the variation of the pene¬ 
tration of the cathode rays of various velocities into ‘he particular target 
material being investigated, and the variation of the absorption and photo 
graphic action with wave-length haw been earned out A simple scheme for 
performing routine analyses, such as would be needed m most general applies 
turns of the method, and which is not affected by differences m atomic number 
and wave-length, is at present being developed The theory of the method 
will be given m a later paper, but the results of some preliminary experiments 
are of interest At the request of the Electrolytic Zinc Company of Australia 
the lead content of a scries of zinc-lead alloys was determined The amount 
of lead present varied between 0 1 and 0 01 per cent, and, as each sample 
was not more than 5 grams in weight, chemical analysis was difficult and 
would involve micro-chemical methods One sample with a lead content of 

* The agreement between the \ alues gii on by chemical analysis and by X rays using the 
photographic method is very good evidonoc that the photographio plate can be used to 
measure the intensity of even very weak X ray beams to an accuracy of rather bett< r 
than 1 per cent 
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0 087 per cent taken from a large ingot for which the same difhculty of 
analysis did not arise was used as standard, and the Lot lines due to it were 
photographed with a given exposure Equal exposures were then made with 
the other samples, and the amount of lead present m each calculated from the 
ratio of the intensities of the lines obtained from the unknown and standard 
samples Results for the alloys of unknown lead content ranged from 0 064 
to 0 008 per cent , and although no analysis by another method was carried 
out, these values were in good agreement with othci evidence as to the com 
position of the samples 

Tlus method has the veiy great advantage that, provided equal exposures 
are given, the results are not affeeted by any of the factors discussed carher 
us the incident cathode rays have the same velocity, the volume of the focal 
spot is constant, and the same wave-length is used throughout It is neoessarc 
that the voltage should be maintained at the same average value during each 
exposure, and that the average current and the time of exposure should be 
measured aw uiatel\ The disadvantage that a sample of similar composition 
containing a known amount of the element being estimated is required may be 
overcome after further work has been done 

T/te Effect of Hctei ogtneUy of the Target —The degree of heterogeneity of 
each alloy studied was found by micros!opi< examination In Plate 1, fig 2 
the mioro-photographs of the more relevant specimens are shown We have 
to thank Prof Greenwood and Mr G B O’Malley of the metallurgical laboratory 
for advice and assistance in preparing the alloys, and Mr H P Russell and 
Mr R S Matthews for polishing the specimens and taking the photographs 
As several of the alloys were very soft, it was difficult to polish and etch the 
surfaces to show their structure and to obtain photographs with satisfactory 
contrast The photographs show a number of casting flaws due to casting 
small ingots m vacuo With the exception of C, the area shown in each photo¬ 
graph is about one-fifth of that of the focal spot, the width of the focal spot 
is approximately equal to the diameter of the photograph 

The structure of alloy 1 (copper 73 per cent in zinc, homogeneous) is shown 
in A, with that of alloy 2 (the same composition, but cored by rapid cooling) 
in B The X rav analysis showed no evidence of the effect of the different 
structures for these two alloys 

The structure of alloy 4 (0 1 per cent copper in zinc, heterogeneous) is 
shown in C, which is a macro-photograph Microphotographs of this alloy 
show crystals of two different solid solutions, but with poor contrast A 
similar structure was found for alloy 3 (1 1 per cent copper m zinc) and it is 
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probable that the two concentrations given by the X-ray analysis of alloys 3 
and 4 correspond to these two solid solutions In this photograph, the area 
shown is 1,200 tunes that of the focal spot In spite of the large apparent size 
of these crystals, microscopic examination showed that it was impossible to 
find an area on the surface as large as the focal spot which did not contain 
several crystals of each kind 

The central core of cadmium tin eutectic (about 70 8 per cent of tin) of 
alloy 5 is shown in f) The last two photographs show the most heterogeneous 
alloys used , in E the lead bismuth alloy 6 (60 2 per cent lead) shows crystals 
of widely different composition, and m F the copper-zinc tin alloy 7 (copper 
71 per cent, zmc 12 2 per cent, tin 14 8 per cent) with crystals of throe 
different compositions Even with such heterogeneous targets as these, no 
difference was noticed between analyses from different fo< si spots indicating 
that only with heterogeneous alloys with very large crystals would the X-my 
method of analysis be likely to give inaccurate results 

Comparison of the X ray Emission mth other Methods of Spechal Analysis 
Results obtained with the X-ray absorption method" 1 agree to within 5 per 
cent with those of chemical analysis, and are therefore less accurate than those 
obtained with the emission method The method has advantages when 
liquids and powders are being investigated, but it does not appear to he appli 
cable to mixtures in which the amount of the impurity is Jess than 1 per cent, 
as the absorption edges arc not then well defined With mixtures containing 
elements of both high and low atomic number, long exposures arc required to 
record the long wave length absorption edges, as the X-rav beam is greatly 
reduced m intensity by the elements of high atomic number Further, it is 
impossible to analyse metals unless they are in tho form of thin sheets, and 
during the preparation of these sheets it is very easy to introduce impurities 

The X-rav emission method of quantitative analysis possesses definitt 
advantages ovir an optical method particularly as the optical methods arc 
generally not satisfactory above 1 per cent, and the lower limit of detection 
of some elements is about 0 01 per cent Where it is appkcable, however, 
the optical method is more rapid, requires a less expensive equipment, and the 
technique is simpler It is to be expected, therefore, that until the X-ray 
emission method is simpbfied it will be applied more particulaily in cases 
where other methods fail, and where expensive apparatus and skdled workers 
are available It should be of value also m testing the purity of samplos of 
the metalkc elements intended for the accurate determination of physical 

* Glocker and Frohnmeyer, loc at , Gunther, ‘ Naturwiss vol 14, p 1)18(1926) 



42 


(J D Bengough, J M Stuart and A R Lee 

properties such as electrical and thermal conductivities, which are greatly 
changed by the presence of small amounts of impurity 

We again desire to thank Dr lan Wark foi carrying out the chemical 
analysis of the alloys and we are indebted to Mr H C Webster for correcting 
the proofs of this paper Part of the cost of the investigation was met by 
the gift of the Victorian Chambci of Manufactures to the University of 
Melbourne 


The Theory of Metallic Corrosion m the Liqht of Quantitative 
Measurements - Part III 
Bv (} D BtNoouoH, J M Stuart, and A R Lee 
((' ommumcated by Sir Harold Carpenter, F R 8 — Rcccivtd December 18, 1929 ) 
IPcate 2 ] 

The present paper describes an invc stigation into the degree of reproducibility 
obtainable by the oxygen absorption method of measuring corrosion, and 
gives comparative results foi this and the loss of weight method The work 
described m Part II* which dealt with the c onosion of rinc m dilute potassium 
chloride has been extended up to 4N solution, and to a senes of potassium 
sulphate solutions from N/10,000 to N 

Slight vibration of the apparatus has been found to have been the source 
of error in three of the experiments described m Part II, namely those per¬ 
formed m N/200 and N/10 K('l The corrosion time < ur\cs for these solutions 
show too steep a slope owing to convection of oxygen set up by the vibration. 
Curves moie nearly representing corrosion in truly stagnant conditions are 
given m fig 4 of the present paper The effect of vibration was only important 
in those experiments which were controlled by the rate of oxygen supply 
whereas most of the experiments of Part II were controlled by the concentra¬ 
tion of chlonnc ions 

Most of the experiments for the present paper were performed m conditions 
m which the rate of oxygen supply was the controlling factor Accordingly 
special precautions have been taken against vibration 
In the latest apparatus the thermostats are mounted on brick pillars, built 


‘ Roy Soc Proc A, vol 121, p 88 (1928) 
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up from the concrete ground floor of the laboratory, which carry three 3-mch 
steel girders covered with planks, 1 5 imh thick All accessory gear, such as 
motors and stirrers, is carried independently of the thermostats on shelves 
attached to the laboratory wall The corrosion vessel is seated in a recess 
in a brass holder placed on the bottom of the thermostat and is held above 
the water level in a clamp attached to tin wooden casing of the thermostat 
lagging 

The manipulation and general conditions of the evpc iintents have been kept 
similar to those used for the earlier work with the following alterations The 
electrode vessel shown in fig l is now used instead of that shown on p 439 of 



Fio 1 —Electrode Vewl 
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the Proceedings,’ A, vol 116, 1927 , the new design is preferred for its 
greater strength For dissolving the salt for strong solutions the apparatus 
shown in fig 2 is used The salt required is weighed directly into this vessel, 
and A of fig 2 is attached to B of fig 1 by a rubber stopper The salt contains 
entangled air and the vessel should be swept out with purified air after making 
connections with the electrode vessel as described in Part II Conductivity 
water is then passed to and fio from the electrode vessel, till all the salt is 
dissolved For making up dilute solutions a vessel is used similar to that 
shown at 1 of hg 2 of Part I, except that glass baffles have been attached to 
tlu central tube, for the purpose of checking loss of spray during evaporation , 
the baffles are notched to permit tlu insertion of a fine tube down the side of 
the vessel 

Hi prod nubility 

Much of tlu littiatun on corrosion work on totally immersed specimens 
shows failure to maintain a reasonable degree of agreement between supposedly 
duplicate experiments Occisionally remarkable agreement is obtained,* 
while another series of evpenments performed under apparently similar con¬ 
ditions, shows wide (list repancies Sometimes the discrepancies are put down 
to variations m the metal samples but without evidence independent of the 
i orrosion results, though it is clear that the disciepancies may be due mainly 
to factors of the i n\ ironments, somo of which are difficult to control Few 
papers purporting to give quantitative results state quantitatively the con¬ 
trolling factors under which they were obtained or provide evidence that a 
leasonable degree of reproducibility was maintained throughout One of the 
principal objects of the present research is to ascertain the degree of repro 
ducibility attainable in the presence of defined controlling factors, which, 
so fai, have been (1) oxygen control (2) ion control 
The duplicate exp< rimentB of Tabic I and fig 3 show the ordei of repro¬ 
ducibility reached with zinc The general table of results at the end of the 
paj>er gives further details of these and other experiments 
A Reproducibility in Conditions of Oxygen Control-- The term “oxygen 
control ” is used in this paper in the following sense 
A metal is said to be corroding under oxygen control when the rate of cor¬ 
rosion is increased by an increase m the rate of oxygen supply (by such means 
as alteration of partial pressure, size of vessel or convection currents) The 
* Heyn and Bauer, ‘ Mitteil KOnig Materialprttfungsamt,’ sol 46, p 100, etc , Newton 
Fnend, ‘ J Iron & Steel Instvol 117, p, 644 (1028), Evans, ‘ J Chem Soc ,’ p 123 
(1929) 
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tia 3 —Curves showing Repiodueibilitv (Oxygen Absorption) 


loirosion-time curve is a straight lim th< slope of which is determiru d by the 
rate of oxygen supply The maximum possible rate of corrosion under oxygen 
(ontrol for a given metal is fixed bv the partial pressure of the oxygen, the 
(onhguration of tin apparatus, the nature of the liquid, the uniformity of 
conditions and mechanical stability, but within this rate tin same metal 
may corrode at different rates in diffe rent solutions The diffc rent rates of 
c orrosion of the same metal m different solutions of the same salt which possess 
differences of oxygen solubility too small to ae count for the different rates seem 
to be most simply explained on the hypothesis of effectively restricted cathodic 
areas As the concentration, and therefore the conductivity of the solution 
is increased the effective cathodic area is also increased The restriction of a 
cathodic area muy lie due to its characterisation by a special kind of metallic 
surface or film, or to a rapid fall of hydrogen concentration outwards from the 
anode, so that depolarisation takes place very slowly beyond a certain distance 
Fig 3 Bhows that in N/KC1 the slopes of the curves for experiments A92 
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Flu 3 v —('ui \< s showing Reproducibility (Total Corrosion) 

and A107 correspond to an oxygen absorption of 0 725 and 0 714 co per 
day , the difference of these from the mean value is ±0 7b per cent 
Experiments A89 and A105 m N/200 KC1 show that oxygen control was 
maintained for the period of 1 to 20 days The slopes correspond to a rate of 
oxygen absorption of 1 00b and 1 635 c c per day respectively These 
duplicates differ from the mean value by ± 0 95 per cent 

In experiments A84 and A85 with N/1000 KC1 oxygen control was only 
maintained for the period between about 1 and 14 days, and the slopes corre¬ 
spond to 1 382 and 1 377 c c per day 
The difference from the mean value is ± 0 2 per cent 
The slopes for N/10 K a S0 4 m experiments A98 and A104 correspond to 
l 41 and 1 58 c c per day respectively, the difference from the mean is 
± 1 per cent The slope for A98 has been taken from the curve between 20 
and 40 days , this is closely similar to that between 1 and 12 days , between 
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12 and 20 clays the slope is slightly different, but the authors can suggest no 
reason for this temporary alteration 

Straight line curves for A86 and A87 in N/1000 KjS 0 4 were only obtained 
for 5 or (> days, after which control passes over to the (S0 4 ) ion concentration 
The slopes arc 1 41 and 1 44 e e per day and the difference fiom the mean is 
less than ± 1 per cent 

The fact that the slope of the curve for N/1000 KC1 agrees with those for 
N/1000 and N/10 K 2 S0 4 means that m all three solutions approximately the 
same proportion of the total metallic area is functioning as cathode 

The above results with otlicis summarised in fig 8 show that the rate of 
oxygen supply to the specimens in the present series of experiments varies 
with the i once ntration of the solution from a maximum of 1 75 c c pci day 
m N/10 K('l to a minimum of 0 10 m 4N KOI, and that in experiments con 
trolled bj oxygen in this range it is possible to obtain reproducibility sue h th it 
the difference from the mean of two experiments is not greater than ± 1 pei 
cent Any diffeience greater than this may itosonably be set down to some 
factor or factors connected with the metal 

B R<piodiuibihti) in Conditions of Ion Conhol —Data have alieady been 
given in Part I of this leseaich on reproducibility under control by chlorine 
ion concentration In N/20,0(>0 KOI it was less than ± 1 per cent This was 
exceptionally good, for in N/10,000 it was only ± 4 per tent and was worse 
for the first few days when the possible errors in observation wore large m 
proportion to the total corrosion Table II shows more recent results foi 
N/10,000 KC1 taken from Part II, here again the reproducibility is poor for 
the first 5 days, hut improves and becomes satisfactory after about 10 days 


Day* - 

I V 50 

5 I 4 24 

10 7 30 

20 i 10 92 

30 ! 12 04 

40 | 12 41 

CO | 12 58 

Fig 3 of the present paper shows that m N/1000 solutions after oxygen 
control has ceased and ion control begun Teproducibihty is liable to vary 


Tabic II 



4 00 4 61 I 4 28 I 0 61 ±7 0 

7 15 7 75 7 47 0 60 ±4 0 

10 35 10 38 | 10 55 0 67 1 ±2 5 

11 47 [ 11 42 : 11 64 0 43 ! ±2 0 

12 00 12 02 12 15 0 41 ±17 

12 26 12 00 12 44 0 33 ±13 
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For A84 and A85 the variation from the mean value is ± 1, for A86 and A87 
it is ± 4 It is possible that part of these variations between duplicates may 
be due to small differences m the total volume of liquid used, which becomes 
important m conditions of ion control Special precautions were taken to 
ensure constancy of depth of immersion and cross section of vessel in all 
experiments, since these dictate the rate of oxygen supply , m the authors’ 
apparatus it is difficult at the same time to keep the total volume of liquid 
absolutely similar in all the experiments, and there has been a possibility of 
about 1 per cent variation m volume in these experiments Precautions are 
now being taken to eliminate this source of error, which only affects those 
few experiments which are under ion control 

Factors which limit Reproducibility 

The necessity for annealing the metal after shaping has been shown in the 
earlier parts of this research For metal so treated the principal factors 
which limit reproducibility are 

1 The Presence of Metallic Impurities —Even the small quantities of 
metallic impurities which occur in high-grade electrolytic zinc may affect the 
corrosion process It has already been shown m Part II of this research that 
there is no appreciable evolution of hydrogen gas from the “ spectroscopically 
pure ” grade A zinc of the New Jersey Zinc Company m N/10,000 KC1 solution, 
whereas measurable quantities of gas are evolved from the less highly purified 
electrolytic zinc In N/10 KC1 about one fifth of the volume obtained from 
the latter was obtained from the spectroscopically pure metal, the comparison 
being made when a total corrosion of 265 mgms had taken place It was 
shown m Part II that the rate of evolution of the gas was proportional to the 
total corrosion* in the range 0-125 c c of oxygen absorption in N/10 KCI, 
and this was interpreted to mean proportionality to the production of films 
of metallic impurities of low over potential The fact that a small amount of 
hydrogen can be evolved from zinc which contains no metallic impurity which 
can be definitely detected by the spectroscope suggests that this interpretation 
must be modified , evidently a slow rate of hydrogen evolution can occur 
when over-potential has been reduced by the fine-scale roughening of the 
zinc produced by a relatively large amount of corrosion In ordinary samples 
of zinc the rate of evolution of the gas will, nevertheless, be determined mainly 
by the presence of metallic films of low over-potential, and since hydrogen gas 
evolution is responsible for from 5 to nearly 18 per cent of the total corrosion 
* See fig 3, ‘ Roy Soc Proo A, vol 121, p 96 (1928) 
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the quantity, distribution, and physical nature of these films may be a factor 
which limits reproducibility It seems unlikely that the small amount of 
rapunty present m the electrolytic zmc affects appreciably the rate of oxygen 
absorption smce this is closely similar to that for the spectroscopically pure 

1 The Presence of Convection Currents - Convection currents are considered 
to be the most important factors m preventing reproducibility in conditions 
of oxygen control The authors’ experiments are conducted m conditions m 
which these currents have been reduced to an amount that is constant for 
each solution They have not been eliminated altogether because of the 
nature of the corrosion process which is characteristic of stagnant solutions 
beneath an atmosphere of oxygen Corrosion removes oxygen from the layers 
of the liquid next the metal, thus oxygen is ultimately replaced by solution at 
the liquid surface, and a gradation of oxygen concentration is set up throughout 
the body of the liquid This gradation gives rise to — 

(1) Oxygen diffusion owing to the concentration gradient 

(2) Convection owing to the increased density of the highly oxygenated 
surface layers of the liquid 

It is possible to calculate approximately the proportion of the total oxygen 
conveyed by each method in < ertain experiments From the measurements of 
Hiifner* it was shown in Part II of this research that nearly 0 5 c c of oxygen 
per day could reach the metal surface by diffusion The maximum amount of 
oxygen that can be supplied for corrosion of zinc per day is about 1 75 c c 
m solutions within the concentration range N/50 to N/10, i e , when the cor¬ 
rosion rate is at its maximum In these solutions, therefore, nearly one-third 
of the oxygen used may be supplied by diffusion and about two thirds by con¬ 
vection , actually convection currents are probably responsible for a greater 
proportion since they tend to lessen diffusion In strong solutions the pro¬ 
portion will be different owing to the lowered solubility of oxygen which will 
diminish convection currents more than diffusion rates 

The principal sources of convection currents in corrosion experiments are — 

1 Temperature changes 

2 Movement set up in the liquid by vibration, etc 

3 Density changes in surface layers set up by evaporation 

4 Density changes in surface layers set up by oxygen absorption 

(1) Temperature changes of a magnitude of two or three degrees have 
•‘Ann Phys Chim vol 60, p 134 (1897) 
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occurred, at rare intervals, during the course of these experiments , normally 
the variation from the mean temperature of 25° C , does not exceed ± 0 05° C , 
which is without appreciable effect on the measurements The larger varia¬ 
tions always produce a temporary increase in oxygen absoiption m con¬ 
ditions of oxygen control because the effect of the resulting convection cuj rents 
is far greater than the effect of the alteration of oxygen solubilitj In con¬ 
ditions of ion control no important change is produced by a temporary 
variation of one or two degrees A slow rate of temperature change such as 
2° C per day has not shown any advantage over a rapid change of ‘2° C per 
hour Table III illustrates some of the points just mentioned 


Table III —Effect of Temperature Variations Normal Temperature 25° (_' 



Control by chlorine ion 
concentration 

Control by oxygen 


Tempera 


Daily 

Tempera 


Daily 


ture 

Days 

oxygen 


| Days 

oxygen 


°c 


abe c o 

( 


abs oo 


25 0 

2 0 1 

1 10 

25 0 

I " 

j 141 

Temperature rise l 

25 0 

3 0 1 

1 

0 00 

i 

25 0 

i 47 

2 74 

| (for 2 days) 

1 


20 95 



j 25 9 

1 * 


25 0 

4 0 

1 1 06 

\ 26 0 

0 7 

3 32 







| (for 2 daysl 


25 0 

e o ; 

0 01 

25 0 

1 77 

1 30 




N /10000 KC1 


j 

N/200 KOI 





25 0 

1 1 7r> 

0 25 





26 0 

1 2 75 

[ 0 10 

Temperature fall to 




23 6 







25 0 

4 75 

1 31 







(for 2 days) 





26 0 

5 75 

0 37 





25 0 

6 75 

0 20 







4NKC1 


(2) It seems probable that the great effect of slight vibration on conosion 
in apparently stagnant water under conditions of oxygen control has not 
been generally realised In the ordinary type of corrosion experiment the 
effect would be entirely masked by the much larger convection currents due 
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to evaporation and temperature changes Vibration is not necessarily absent 
when no movement of the surface of the liquid can be seen—the sensitive 
mercury horizon test should be apphed to the supports which carry the 
thermostats 

(3) The effect of evaporation has probably been one of the most important 
factors in diminishing the reproducibility of experiments carried out m open 
beakers except when special arrangements have been made, such as thoBe of 
U R Evans* , even with these, changes of atmospheric pressure might affect 
results In the present senes of experiments evaporation has been reduced 
to a negligible factor by the use of closed vessels kept at nearly constant 
temperature and pressures 

(4) The density changes produced by the absorption of oxygen in the surface 
layers of liquid are regarded as an essential part of the corrosion process and 
no attempt has been made to interfere with them 

In Part II of this research the statement was made that “ reproducibility 
is artificially favoured by cutting down the oxygen supply to a small fraction 
of that which could be utilised by the metal under teat Even moderately 
large differences of reactivity may then be masked , m fact only mptals which 
corrode so slowly that they cannot make full use of even the restricted supply 
of oxygen will be clearly distinguished from others ” The experimental 
evidence now available requires modification of this statement If the whole 
or an exactly similar proportion of the surfaces of the metals under comparison 
function as cathodes then the relative rates of corrosion of these metals will 
remain the same whatever the numerical value of oxygon control Repro 
ducibility will only be ‘ artificially favoured ’ if the amount of corrosion is so 
reduced that the absolute difference between two experimental results is too 
small to be detected by the methods of measurement employed W hen zinc 
and mild steel are tested by the standard method of this research, no such 
artificial favouring occurs 

Compai ison bUween Oxygen-Absorption and Loss of Weight Methods of 
Measuring Corrosion 

In Part II of this research Tables II and IIa gave some comparative measure 
ments of corrosion by oxygen absorption and by loss of weight The latter 
method requires a correction for the attack on the metal by the acid used m 
removing corrosion products This was obtained by measurement of the 
hydrogen gas evolved during the acid treatment and a calculation of the 
* ‘ J Chem Soc p 120 (1920) 
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corresponding weight of metal attacked, this was then deducted from the 
total loss of weight, and the result was called corrected loss of weight An 
additional series of comparative measurements are given m Table IV 


Table IV —Comparison between two methods of Measuring Corrosion 


I 

II 

III 

IV 

bpedmen 

Corroding 

Zinc by 
oxygen 

Zmo by 
loss of 
weight 
(corrected) 

No 

liquid 

absorption 

Mgrs 

A93 

KC1 N/2 

2069 9 

2029 71 

494 

KC1 N/5 

655 0 

667 72 

A95 

KCI N/50 

489 7 

481 53 

A96 

KC1 N/10 

1578 9 

1582 35 

407 

K,S0 1 N 

541 6 

046 21 

498 

K^0« N/10 

1050 6 

1022 28 

A99 

K,80 4 N/50 

821 1 

700 17 

A100 

k,so 4 N/10000 

25 7 

24 00 

A101 

K,80 4 N/200 

515 1 

314 n 

A102 

K,S0 4 N/5 

KCI N/6 

591 1 

592 06 

4103 

691 7 

703 46 

A104 

K,80 4 N/10 

450 8 

451 54 


V i VI 

| Peroontago 
Mean value 1 violation of 
of unc 1 oolumiw III 

corroded i and IV from 

I moan 


2044 8 | 0 74 

656 4 I 02 

485 0 1 08 

1580 b 0 11 

543 0 0 4 

1036 4 1 1 30 

805 7 I 10 

24 0 1 34 

314 0 . 02 

591 (1 0 1 

097 A 0 0 

451 2 0 1 


In nine pairs of measurements out of twelve the differences of earli from the 
mean of the two does not exceed ± 1 per cent , in the two others the difference 
is less than ± ^ per cent, and m the other the actual difference measured is 
less than 2 milligrams, though the percentage difference is A 18 The dis¬ 
crepancy with specimen A98 is probably due to the oxygen absorption experi¬ 
ment m which the hydrogen measurements gave rather erratic readings during 
the last few days The cause of the discrepancy with A99 is unknown, for 
both the oxygen absorption and total-corrosion curves seem quite satis¬ 
factory, and no residual corrosion products could be detected by the micro¬ 
scope after the loss of weight determinations 
The results of Table IV as a whole show appreciable improvements over the 
comparative results of Table IIa of Part II of this research The fact that two 
different methods of measuring the corrosion of a single specimen show such 
satisfactory agreement over a series of experiments, and that two different 
specimens show satisfactory agreement when tested by one of these methods, 
appears to foreshadow a sound quantitative basis for corrosion research 
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The Effect of Concentration cm Corrosion 
Corrosion-time curves for true oxygen absorption and total corrosion are 
given in figs 4 and 5 for potassium chloride solution, and in figs 6 and 7 for 
potassium sulphate Rates of corrosion are plotted against concentration 
in fig 8 



Pm 4 —Variation of True Oxygen Absorption with Concentration of KC1 
In chloride solutions it will be seen that — 

1 The rate of corrosion increases with concentration up to a maximum which 

occurs over the range N/50 to N/10 This corresponds to the “ critical 
concentration ” of Heyn and Bauer’s work on iron * 

2 The maximum rate is not reached immediately oxygen control replaces 

ion control, % e , at about N/5000 

3 The rate of corrosion falls over the range N/IO to 4N 

* ‘ Mitt K Material prttfungsamt,’ vol 26, p 2 (1908) 
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4 The curve for the solubility of oxygen is related to the curve for the rate 
of corrosion in a rather complicated manner which is discussed below 



TIMF IN DAYS 

bia D —Variation of Total Corrosion with Com ontration of K.C1 


R An increase in corrosion rate occurs during a period which corresponds 
roughly to 70 80 c c of true oxygen absorption throughout the range 
N/10 to 2N KC1 

6 After this period the curves m this range are approximately straight lines 

for periods extending up to at least 200 days from the beginning of the 
experiment 

7 In dilute solutions the straight hne curves characteristic of oxygen control, 

change to short branches which are probably exponential in form, and 
these into straight lines of low inclination to the time axes 
The reason why the rate of corrosion increases with concentration up to a 
maximum seems to be that the increase in the concentration of chlorine ions 
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increases the active cathodic area, so that a greater amount of oxygen tan be 
Htihsed m the corrosion process When the whole of the area of the metal ib 



TIME IN DAYS 

1*10 (1 —Variation of True Oxygen Absorption with Concentration of K,80 4 

active either as anode or cathode the maximum rate of corrosion is reached 
and this occurs m the range N/50-N/10 Between N/5000 and N/200 a range 
occurs m which only a portion of the total metallic surface is developed as 
anode or cathode, and the rate of oxygen supply to the relatively restricted 
cathodeB dictates the Tate of corrosion, since there is a sufficient supply of 
chlorine ions to feed the corresponding anodes in the early stages of the experi¬ 
ment In still more dilute solutions and in the later stages of stronger ones 
the supply of chlorine ions becomes so diminished that they cannot feed the 
anodes as fast as the oxygen supply can reach even the relatively restricted 
cathodes, consequently the rate of corrosion falls with, and is solely controlled 
by, the concentration of the chlorine ions 
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Throughout the range 0 to N/10 KC1 the alteration m the solubility of 
oxygen with concentration is so small that it has a negligible influence on the 



time in Days 

Fio 7 —Variation of Total Corrosion with (Joncentiation of K a S0 4 

rate of corrosion, but beyond this range its influence causes a decrease in the 
corrosion rate Finally the rate is so diminished that in 4N solution it amounts 
to less than one-fifth of the maximum rate 
The increase in corrosion rate which occurs when corrosion corresponding 
to about 70-80 c o of oxygen has been reached is connected with the increased 
rate of hydrogen evolution which occurs at about the same time This evolu¬ 
tion sets up convection currents which probably cause an increased supply of 
oxygen at the cathodes, and, consequently, an increased corrosion rate This 
explanation of the increased slope of the corrosion-time curves appears pre¬ 
ferable to the suggestion made in Part II that it was due to increased cathodic 
efficiency due to roughemng of the rino surface 
The falling over of the oxygen controlled straight line curves in strong 
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lio 8 —Variation of Oorromon Rato with Concentration of KC1 and KjSO, 

solutions which still contain a considerable concentration of Cl' or S0 4 " ions 
such as N l r M K 4 S0 4 (A99 of fig 8) is apparently due to the gradual accumula¬ 
tion of (orrosion products which increase the electrical resistance to the 
corrosion current 

During the period of oxygen control the slope of a curve is determined b) 
the rate of c athodic depolarisation and any slight increase of resistance intro¬ 
duced into the circuit does not therefore alter the current, nor consequently, 
the corrosion rate , but when the increase of resistance passes a certain value 
the current is lessened and cuts down the cathodic displacement of hydrogen 
to an amount that is less than the amount that can be oxidised in the con¬ 
ditions of experiment, and a fall m corrosion rate occurs 


Corrosion in Potassium Sulphate Solutions 
In general the phenomena are similar to those m potassium chloride The 
corrosion-time curve for N/5000 K,80 4 was found to be exponential between 
2 and 15 days, as shown in hg 9 , in stronger solutions oxygen control obtains 
after the first day or two and straight bne curves persist for con¬ 
siderable periods In some details the curves differ from those for similar 
chlonde solutions, as shown by comparison of figs 6 and 7 with figs 4 and 5 
These differences may be summarised as follows — 
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1 In conditions of oxjgen conti ol the slopes of the straight lines are usuallj 

less in equivalent solutions, but the initial rates which are characteristic 
of the first day are usually slightly greater (see Table V) 

2 In dilute solutions the straight line curves are not maintained for so 

long as m equivalent chloride solutions 
i The maximum corrosion rate occurs approximately over the range N/200- 
N/50, i e , in more dilute solutions than in chlorides (see fig 8) 

1 Increases in the slopes of the straight lines, such as normally occui m 
the range 70-80 c c of oxygen absorbed in chloride solutions are less 
pronounced and generally occur in the range 40-50 c c 

The principal causes of these differences seem to be — 

1 The slightly lower solubility of oxygen m sulphate solutions (see fig 10) 

2 The greater rate at which the sulphate ion is withdrawn from the weak 

solutions 

3 The tendency to develop a smaller number of definite pits in sulphate 

solutions 

In Plate 2 the two photomicrographs show that the number of definite pits 
is much greater m N/10,000 chloride solution than in sulphate Microscopic 
study has shown that coirosion begins at quite as many points in the sulphate 
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as m chloride solutions, and may spread more superficially, but a greater 
proportion of the original points of attack develop into definite pits in the 
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lio 10 —Variation of Corrosion Hat© with Concentration of k< 1 

latter The whole question of the causes which determine the distribution of 
pits is being further investigated microscopically 

Table V 


Average corrosion rates for first 18 hoars 
Cubic centimetres of oxygen absorbed 



Potassium sulphate 

Potassium chlondc 

N/10000 

0 12 

Mean 

0 32 

0 18 

0 17 , 0 12 0 24 

N/6000 

0 48 0 40 

0 44 

0 23 

0 23, 0 20 , 0 26 

N/1000 

0 92 , 0 HI 

0 76 

0 41 

0 38, 0 41 , 0 44 

N/200 

0 67 

0 67 

0 71 

0 90 , 0 63 

N/50 

1 09 

1 09 

0 68 

0 68 

N/10 

0 76 , 0 68 

0 66 

0 68 

0 68 , 0 76 , 0 67 

M/5 

1 00 

1 00 

0 73 

0 70, 0 76 

N 

0 31 

0 31 

0 27 

0 32, 0 21 


The Relation of Oxygen Solubility to Corrosion Rate 
Explanations of the fact that the corrosion rate of some metals is less in 
highly concentrated than in dilute solutions of oertam salts have been proposed 
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by several authors Ache in 1845 suggested* that the reduced solubility of 
oxygen in saturated brine solutions was the cause of the relatively slight 
corrosion action Walker, Cederholm and Bentf stated, that the rate of 
corrosion is directly proportional to the concentration of dissolved oxygen, and 
SpellerJ gives a few experimental data confirming this result for iron in flowing 
water Friend § considered that ‘ whilst this ” (t e , oxygen solubility) “ is 
undoubtedly an important factor it cannot be the only one, in as much as 
experiment shows that the reduction m corrosion is usually very much greater 
than the above theorv demands ” Friend’s experiments were mainly carried 
out with iron, and he drew attention to the fact that while his curve connecting 
corrosion with salt concentration showed a close similarity with the curve for 
oxygen solubility in sodium chloride solutions it did not do so in potassium 
sulphate solutions , m these he stated that corrosion fell off more rapidly than 
oxygen solubility, a fact previously suggested by Heyn and Bauer’s experi¬ 
ments || Friend’s tables of results also showed a less rate of corrosion in 
solutions of sulphates of potassium and sodium than in similar chloride solu¬ 
tions and he proposed an explanation based on the different precipitating 
power of the two anions for colloidal ferric hydroxide catalyst 
The views stated above have been based upon experiments which could not 
reasonably be expected to piovide more than first approximations to the truth 
since none of them was carried out in strictly defined conditions The matter 
has, therefore, been re-examined and the results for zinc are given m fig 11 
which is derived from th« curves shown in hg 10 Within the range N/5 
to 2N the curve showing the relation between true oxygen absorption y (t e , 
corrosion) and oxygen solubility x, is found to be a parabola for which the 
equation is 

y = K(x + A)*+B, 

where 

K = 0 08 , A = 1 56 , B = 0 39 


There is, therefore, a striking difference between the relation found in the 
present research and that proposed by the previous authors, and the differences 
appear to be due to the experimental methods adopted In the present research 
the supply of oxj gen to cathodes is mainly due to the very gentle convection 
currents set up by the increased density of the surfaoe layers of the solution 
* ‘ Prod Inst Civ Ing.’vol 4 p 323(1845) 
f ‘ J Amer Ghem Soo ’ vol 29, p 1261 (1907) 

J ‘ Trans Am hlectrochem Soc vol 39, p 141 (1921) 

$ ‘ Carnegie Res Memoirs,’ vol 11, p 135 (1922) 

|| fjoc ext , Table II 
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In these conditions a square law would be expected since the supply would 
depend not only directly upon the solubility but also upon the fact that 
increased Bolubihty would increase convection currents For this reason an 
equation of the form y — Kx 1 would be expected if diffusion be ignored 
Fig 11 shows that the parabola obtained experimentally does not pass 
through the origin, but is displaced relatively to both axes, hence the appear¬ 
ance of the two constants A and B, the physical meanings of which were not 



Jio 11 —Variation of Oxygen Absorption with Oxygen isolubihtv 

at first apparent It was then found that two points corresponding to 4N 
and 3N KOI solutions lay well below the parabola The experiments with 
these two solutions were carried out in a thermostat placed on the solidly 
constructed piers described on p 43 of this paper, whereas most of the experi¬ 
ments upon which the parabola was based were performed on a reinforced 
table which appeared to give perfectly stagnant and stable conditions until 
it was examined by the mercury-homon test It seemed possible, therefore, 
that the displacement of the parabola was due to vibration, and if this were 
true the points for 4N and 3N solution would he on another parabola, which 
might pass through the origin To test this two more experiments were 
started under stable conditions in N/2 and N KC1, and the results for all 
four experiments are shown in the lower curve m fig 11 It is a parabola of 
the type y — Kx* and the value of constant & is 0 041 

The parabolic form of curve will only be obtained in conditions m which 




63 


Theory of Metallic Corrosion 

major oonvection currents due to changes in temperature, pressure, liquid 
flow, evaporation and possibly other causes have been eliminated Such 
currents tend to equalise the oxygen concentration throughout the liquid, 
to dimmish the effect of diffusion, and to give a straight line relation between 
corrosion and oxygen solubility The parabolic relation will only be obtained 
when the mam source of oxygen supply is the slow convection due to the 
slight density changes caused by surface solution of oxygen, since it is only 
the oxygen supplied by this convection which increases as the square of the 
solubility 

The above conclusions require that the curves giving the relation between 
salt concentration and corrosion rate m fig 8 be corrected if they are to represent 
truly stagnant conditions As they stand they represent corrosion rates in 
apparently stagnant conditions such as may be expected on a good laboratory 
bench on which there is no moving apparatus The correction for vibration 
can be obtained from the difference between the two curves for potassium 
chloride given in fig 11 

The rate of Evolution of Hydrogen Gas 

Curves showing the rate of evolution of hydrogen gas are given m figs 12 
and 1 i In strong KC1 solutions the curves become nearly parallel straight 
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lines, though that for 2N solution has a rather less slope than the others In 
Part II of this research a curve was given showing the relation of the rate of 



gas evolution to total corrosion for N/10 KC1 Curves are now given in fig 14- 
for four chloride solutions For N/10 and 2N the slopes resemble that given 
in Part II Each is composed of two straight lines, the first of which extends 
from 0 to about 130 c c of oxygen and the second is parallel to the horizontal 
axis between 130 and 200 c c of oxygen The curves for N/2 and N show a 
curious break at about 75 cc, but both finally join the curve for N/10 at 
about 120 c e 

The interpretation proposed in Part II for the proportionality of rate of 
gas evolution and total corrosion was the gradual formation of films of metallic 
impurities of low over-potential as corrosion proceeds The experiment with 
“ spectroscopically pure ” zinc m N/10 KC1 mentioned earher m this paper 
shows that a small evolution of gas can take place in the absence of such films 
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when zinc has been heavily attacked m strong solutions It seems possible, 
therefore, that the rate of evolution may be determined to a small extent by 



Fig 14—Rate of Hwltogcn Fvolution and total (’onoimn 
O A96 N/10 M 1 © Al>2 N/2 KOI 

A93 N/2 K( 1 □ ASH 2N KOI 

the development of i roughened zinc surfiu < whic h has a low ov< r potential 
relative to ail uncorroded surfaci in veij dilute solutions the roughening is 
insufficient as shown by the lesult recorded m Patt II for N/10,000 Kf'l 
Tn strong solutions when a d< finite minimum ait a of metallic film and 
roughened metal his Ixtn d< vcloperl all the hydrogin that urn be ivolvtd in 
the experimental conditions can find suitable eathoelu area, the maximum 
inti of i volution is then lein hid and further deposit of metal and roughening 
of surface lias no effect, it, the gas evolution time turves Income straight 
lm< s The cause of the break in the cuivcs for N/2 and N K(T does not seem 
to be readily explainable on these lines 

The hydrogen-time curves foi N/10 and stronger solutions do not remain 
straight lines for infinite tune but begin to fall ovei at similar times to the 
oxygen absorption e urves this is tlear fiom fig 0 of Part II for N/10 KC1, 
and fig 13 of the present pape r foi N/50 K^SO* If the presene e of films and 
roughened surfaces were the sole determining factois in hydrogen gas pro¬ 
duction this would not happen, and some other factor must be operative which 
is probably connected with the oxygen absorption type of corrosion 

Thf Mechanism of Ilydiogen Piodnction 
Observations have been made with the microscope upon zinc specimens placed 
in conditions similar to those of the quantitative work, except that about 
360 c c of solution were used instead of 100 c c The work was confined to 
dilute solutions from N/10,000 to N/200, and it showed clearly that hydrogen 


VOL OXXVII —A 




66 


G D Bengougb, J M Stuart and A R Lee 

gas is evolved from the pits, which must be formed mainly by the oxygen 
absorption process, for m this range the corrosion due to hydrogen gas is less 
than 14 per cent of the total Plate 2 shows a bubble of gas in situ in a pit, 
also bubbles which have risen up from the pit and are resting against the cover 
glass of the microscope Bubbles have never been seen to rise from the area 
surrounding the pits which must be presumed to be thur corresponding 
cathodes for the oxygen absorption process The films of metallic impurity 
must, therefore, form at the anode and may consist either of residual metal 
or metal ledeposited after temporary solution on the less anodic parts of the 
anode in similar fashion to copper m “ dezmeed ” brass When once formed 
the metallic film is likely to be fairly stable and the falling oft of the rate of 
hydrogen evolution is unlikely to be connected with a gradual removal of the 
him 

The facts about the mechanism of hydrogen production which have been 
reasonably well established may be summarised thus — 

1 The gas is evolved from the pits which form the anodes of the oxygen 

absorption process 

2 The rate of evolution is dependent upon the presence of films of metallic 

impurities and of roughen* d metal 

5 In any solution within the range N/10-2N the rate rises to a maximum 
at which it stays for a time , it then falls and approximately follows 
the rate of the oxygen absorption pro< css, lagging behind it in the earlier 
stages, but maintaining itself Tather better in the Liter stages 

4 The rate of evolution is much less in sulphate than in chloride solutions 

of equivalent concentration 

5 The proportion of the total corrosion due to the hydrogen gas process 

increases with concentration (see Table VI) 

Some evidence points to the conclusion that the mechanism of hydrogen 
evolution is not merely a question of greater or less access of oxygen to the 
seat of production of atomic hydrogen If it were, an exponential curve 
would be expected for total corrosion in dilute solutions since the whole process 
would depend on the access of chlonne ions to the anodes The exponential 
curves are actually obtained for the oxygen absorption process only, and the 
curves for hydrogen evolution are of such a form that they could not give 
another exponential by addition The hypothesis suggested in the previous 
paper was that hjdrogcn evolution was connected with the local formation 
of caustic potash, but no support for it could be found when pieces of zinc were 
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placed in N /50 KOH This failuie might be due to absence of freshly deposited 
metallic iron formed by the corrosion process To test this, pieces of zinc 
were placed m dilute ferrous sulphate solution, washed and then transferred 
to N/50 KOH , hydrogen gas was freely evolved Pieces of zinc similarly 
treated were also placed m conductivity water (exposed to air), N/50 ZnCl a 
and N/50 ZnS0 4 , and gas was evolved in the proportion approximately of 
0 1, 1 0 and 0 75 These results explain the fact that the exponential curve 
does not conform with total corrosion which evidently includes a process not 
directly connected with chlorine ion concentration, but do not explain quantita¬ 
tive ly the much greater evolution of hydrogen from chloride solutions than 
from sulphate shown m Table VI 

Summary of Results 

1 Reproducibility In Part I of this research it was stated that—" it is 
not clear (from a studv of the literature) whether the discrepancies b< tween 
supposedly duplicate t xpcrmients are due to some inherent characteristic 
of the corrosion process or to the fact that in the experiments control has not 
been kept over all the controllable factors, ’ hut it can be now definitely stated 
that when adequate control has been kept over temperature, pressure, mechani¬ 
cal stability and chemical purity of the clos< d system m which the e xpenments 
have been conducted, the corrosion rates of horizontally supported annealed 
/me specimens with a total area of 14 9 sq cm were reproducible within tho 
limits ±_ l per eent from the mean of two duplicates, throughout the whole 
range of potassium chloride and sulphate solutions Similar limits of accuracy 
have been found for commercially produced mild steel in similar dilute solutions 
Corrosion of these metals is therefore a suitable subject of investigation 
by the ordinary methods of physical chemistry and the results obtained 
are of the same order of accuracy as those in many other brani Iicb of that 
subject 

The very large number of points at which attack occurs on zinc specimens 
of the size stated, allows smooth and reproducible cuives to be obtained 
For metals on which the number of points of attack is much hss, reproduci¬ 
bility would probably be reduced unless much larger specimens were used 

2 Comparative measurements made by the oxygen absorption and loss of 
weight methods of measuring corrosion did not g< nerally differ from the mean 
of the two by more than ± 1 per cent, except when small amounts were 
measured 

1 In very weak potassium sulphate solutions the time-corrosion curves have 
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been found to bo exponential, i e , of mmilar form to those in weak chloride 
solutions 

1 The changes of corrosion rate with concentration have been determined 
quantitatively for me m two senes of solutions The different slopes of the 
straight line curves are due to the different rates at which oxygen reaches the 
metal owing to changes in oxygen solubility ind available cathodic area 

r > In strong solutions the curve connecting oxygen solubility and corrosion 
rate is a parabola in stagnant or nearly stagnant liquid in which convection 
currents have been reduced to a minimum It is probable that a straight line 
relation would be obtained in the presence of vigorous convection currents or 
moving water 

b Hydrogen gas is evolved dunng the corrosion of electrolytic zinc m all 
the solutions tested stronger than N/20,000 The proportion of total corrosion 
due to this evolution increases with concentration in both ihloride and 
sulphate solutions and reaches 17 4 per cent of the total corrosion m 2N 
KC1 and 7 7 per cent m N K 2 S0 4 

7 From spectroscopically pure zinc hydrogen evolution is greatly reduced— 
in N/10,000 KF1 to zero This change is determined by the removal of 
approximately one part in ten thousand of total metallic impurity 

8 In neither of the series of solutions was a straight line corrosion-tune 
curve obtained ahull passed through the origin 

The thanks of the authors arc due to Miss Ruth Pirret who has rpndeied 
them much valuable assistance The research was carried out for the Cor¬ 
rosion of Metals Research Committee of the D S I R , and the thanks of the 
authors are due to the Chairman, Prof Sir Harold Carpenter, and to Prof 
G T Morgan for facihtu s afforded and p rmission to publish 



71 


Collection Factors in the Photographic Measurement of 
X-Ray Intensities in Crystal Analysis 
By E G Cox, B Sc , and WEB Shaw , B A 

(Communicated by Sir William Brigg F 11 S—Rccuvtd Dicembei 21, 1029 ) 

1 I nhoilnitwn 

For the complete solution of the structures of comphx ciystals, and in 
particular of organic substances, it is essential to bo able to measuie at least 
the relative intensities of reflexion of homogeneous X-rays fiom the more 
important lattice planes with some elegiee of aecuracy In most crystal 
problems a number of paramete is governing the positions of the atoms in the 
lattice remain to be found afte r the geome tneal reejuirements of the symmetry 
have been satisfied These can only be determined from intensity measure¬ 
ments, so that in general, tin guater the number of leflexiotis measured the 
more closely will the deduicd struiturc approach to the truth 

Until comparatively recently the only instrument of precision available for 
X-ray intensity work has been the Bragg ionisation spectrometer* It has, 
however, three disadvantages whin used foi this purpose, which may be 
briefly summarised - 

(1) Only the strongest planes arc measuiable with any degiee of accuracy, 
owing to the ‘ swamping ” i fleet of the unremovable background radia¬ 
tion in the cast of the weaker reflexions 

(2) It is clearly impossible to use it, without very special tee hnique, in the 
case of crystals wine li aie volatile or even liquid at normal temperature's 

(3) The measurement of the true integrated intensity is a somewhat lengthy 
operation in practice, with the result that experimenters are tempted 
to determine tlic peat values of the intensities instead , those, in 
general, are not m the Bame ratio as the mtegiati d reflexions, so that a 
false idea of the reflexions m ty be obtained 

The solution of the problem lt< s in the use of rotation or oscillation photo¬ 
graphs, on which planes of peihaps only l/100th of the intensity of th* strongest 

* The mode of uso of the ionisation spectrometer for intensity measurement is fully 
described m a papei by \\ L Bragg bum s and Bosanquct I’hil Mag, vol 41 p 909 
(1921) 
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planes are registered Until recently no quantitative method was available 
for the measurement of the intensities of spots on X-ray photographs, and 
only visual estimation was possible This makes it possible to arrange planes 
in their eorroet order of intensity, but does not permit the estimation of 
intensity ratios to more than 20-30 per cent Even this accuracy is only 
obtainable with care witkm a kimted range of intensities, and the results, of 
course, aie still uncorrected for the errors discussed in this paper 

Tin development of tin Astbuiy radioactive photometer * however, has 
made ai< urate quantitative measurements possible, and all planes sufficiently 
strong to r< gister on a photograph can now bo determined to an accuracy of 
1 or 2 pc r cent Tt thus becomes very important to investigate whether the 
relative intensities as measured fiom the photograph are m reality the tine 
relative intensities of reflexion from the crystal planes In this paper the 
authors discuss two corrections which have to be applied for this to he the 
case These anse in the following ways — 

(1) When the reflecting plane does not contain the axis of rotation of the 
crystal (in other words, when the spot does not lie on the equatorial line of 
the photograph), the angular velocity of xotation for the plane is effectively 
decreased Tins results in reflexion for a longer time m each rotation or 
oscillation than for planes reflecting on the zero layer-line 

1 lie problem will be discussed m detail m section 2, and it is sufficient to 
state here that the effe ct is purely geometrical, depc tiding only on the angle of 
reflexion and the orientation of the reflecting plane with respeet to the axis 
of rotation It will be shown that to every point on a photograph there 
corresponds a correction factor by which the measured intensity must be 
multiplied in order to eliminate this effect, this will give the intensity that 
the spot would have if it lay on the equatorial hue 

This factor will be refeired to as the Ge&metncal ('onechon Facto /, and will 
be denoted by the symbol D x 

(2) In general, the reflected X-ray beam will pass obliquely thiough the 
photographic him or plate, and it is clear that for a given intensity falling on 
the film, the density of the spot produced will depend on the angle of incidence , 
obliquity of incidence presents a thicker layer of sensitised material to the 
action of the X-rays, with consequent increased photographic action This 
makes it necessary to multiply each measured intensity by a correction faotor 
which will eliminate the effect of the obliquity The use of the factor is 


‘Roy Soc Proc.’A vol 115, p (140 (1(127) and vol 123, p 575(1929) 
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equivalent to the reduction of all spots to the case of normal incidence for the 
purposes of comparison Its magnitude will depend — 

( 1 ) On the angle at which the X ray beam is incident on the photograph 
(n) On the particular type of photographic him or plate which is used 

(m) On the wave-length of the monochromatic X-ray beam emploved 

The theoretical and experimental investigation of the effect will be described 
in section 3 The factor will be called the t ilm Absorption Fachn , and will be 
denoted by D 2 

Of the remamdei of the paptr, sution 4 is a discussion of th( validity of 
the ordinary polarisation factor whih in se< tion 5 some experimental figures 
art quoted to show how the factors give reasonably concordant results when 
applied to actual measurements on X ray photographs The discussion of 
the polarisation factor is considered ntcessary in view of the somewhat con¬ 
fused state of the literature of thi subject, and in view also of the fact that 
various writers have used aibitrary polarisation factors with no reference to 
actual experimental data 

2 The Geometrical Coi rection Facto) 

The theory of this factor was worki d out by the authors before they were 
aware of previous mention of it m papers by Ott and by Hoffmann and Maik * 
These writers gave the correction m forms which made it necessary to calculate 
the factor separately for each spot Hoffmann and Mark, moreover, assuming 
that the divergence of the incident beam of X-rays was entirely lesponBible 
for the geometrical tiror, gave a definite value to the divergence and calculated 
their correction on that basis The following theory is derived without any 
assumptions as to the nature of the phenomena which make it necessary 

It is knownf that when a crystal is rotated or oscillated, a given lattice 
plane reflects characteristic X-rays, not at a definite angle 0, but over a range 
of angle 30 from (0 — J80) to (0 -f |80), where 0 is given by the Bragg law 
• raX = 2 d sin 0 

The principal cause of this is undoubtedly the divergence of the X ray beam, but 
even in the case of a parallel beam the effect would still persist owing to internal 
imperfections of the crystal, and, m a lesser degree, because the characteristic 
radiation is not strictly homogeneous It would be difficult to estimate 80 

* Ott, ‘Z Physik,’ vol 22, p 201 (1924), Hoffmann and Mark, ‘ 7 1’hya Chem ,’ 
vol 111, p 321 (1924) 

t Darwin, ‘ Phil Mag ,’ vol 27, p 075 (1914) 
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theoretically from these various factors, the correction, however, since it is 
concerned only with the geometry of the rotation, is independent of 80, as 
will be seen later 

Now the total mtensity of the beam reflected from a crystal plane is pro¬ 
portional to SO/w, where w is its angular velocity about an axis perpendicular 
to the plane of reflexion,* i e , the intensity is proportional to the time during 
which ieflexion takes place If the intensities of different planes arc to be 
compared, quantities such as o> which do not depend upon the nature of the 
crystal, but vary from plane to plane according to the particular axis of 
rotation chosen, must be eliminated This is done by multiplying the observed 
intensity by a factor <■>/ Q, where £1 is the angular velocity of the crystal 
itself Thus Di is equal to unity for planes passing through the axis of rotation, 
and is less than unitv for all other planes 

The value of Di is obtained as follows Fig 1 represents a stereographic 
projection of the cijstal () being the axis of rotation, A the incident beam 
of X rajs, B the normal to the reflecting plane, and (' tin reflected beam 
Suppose that the normal makes an angle a with the axis, and let the angle 
between the planes AO and BO be v The angle BA is <f> the compleme nt of 



tin 1 


Since ABC is the plane of reflexion, and B the normal to the reflecting plane, 
6> is the rate of change of the angle AB, while Q is the rate of change of the 
angle v 

* Here “reflecting plane” is the lattice plane of the ciystal giving rise to the 
reflexion The expression “ plane of reflexion ” has its ordinary optical significance 
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Thus 


Di 


<o _ df 

Q " dv 


From the quadrantal spherical triangle ABO 


and so 

But from equation (2) 


cos 


dv 


sin v sm a 
sm <f> 


sm v ypu^a-cos 2 ^ 


whence from equation (3) 


i e, 


sin ot 


d<f> Vsin 2 g — cos* <f> 

dv sm <f> 

d<f> __ Vsm 2 g — sin 2 0 
dv cos 0 


smce <f> is the complement of 6 
Thus finally 

,v V sin 2 g ~ sin 2 0 

Di ---- 

tos 0 


(1) 

( 2 ) 

(3) 


(4) 


This may easily be transformed to tlie expression 

“-‘A/m^ < 6 > 

where / is the complement of the angle between the reflected beam and the 
axis of rotation Equation (5) is the form in which the correction was given 
by Ott (loc cit) 

To calculate the correction f ictor separately for each spot on a photograph 
from this equation would be vpry laborious , the authors have therefore con¬ 
structed charts on which have been plotted curves of constant Dj The 
appropriate chart is placed over the photograph (or an enlargement of it) and 
the value of Di for each spot can be read off directly, an accuracy of 1 per cent 
bemg easdy obtainable m most cases Two charts have been mado, one for 
cylindrical films of radius 5 ems , and the other for flat films It will be seen 
later that the form of the latter chart is independent of the distance between 
the crystal and the film These correspond with the two interpretative charts 
given by Bernal * 

* ‘ Roy Soo PiocA, vol 113, p 117(1026) 
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For plotting the curves of Di = constant the equation (4) must be expressed 
in the form 

*“/(D i,y), 

x and y bemg the co-ordinates of the spot on the film, and the form of / being 
different for flat and cylindrical films 

(a) Flat Film —The form of the function / is very simply derived m this 
case Suppose to be the angle which the radius vector from the centre of 
the film to the spot makes with the y-axis, then 


Thus the equation of the curve is 


1 e, the curves of constant Di are straight lines passing through the origin, 
and are independent of the distance between the film and the crystal 
The equation in rectangular co-ordinates is 


(6) Cylindrical Film —The equation is best obtained in this oase from 
equation (6) Suppose X and Y are the co-ordinates of the spot on the 
cylindrical film, corresponding to x and y on the flat film Then 
x = D tan <f>, y = D sec <f> tan x, 

and 

X = R^>, Y = Rtanx, 

where R is the radius of the cylindrical him, and D the distance of the flat 
film from the crystal. 

From these it follows that 

5—!• S—ii- 









} Tin Film 4.bv» plum Failm 

The action of X-rays much nt nhliqiu.lv on photographic films was investi¬ 
gated experimentally The problem was to send tlu* same amount of mono¬ 
chromatic radiation on to the film first normally and then at an angle, and 
measure by means of the radioactive photomotci the apparent intensities of 
the spots so produced Prehmtnaiv woik showed that the use of direct 
X-ray beams was not possible, as even the most c fhcient liltc ring arrangements 
let through suihcient residual general ladiation to produce a considerable 
effect A truly monochromatic beam was tlurefou obtained by using the 
reflexion of coppei K a -rays from «v ciystal (actually the 022 reflexion from a 
small diamond was employed), with nickel lilteis in the pumaiy beam to 
remove the spot mil cut down the intensity of the background 

The whole of this investigation was earned out using Sthlcussnu Donco 
duplitised X ray films, which have been found in this laboratory to be the 
most suitable for photographic intensity work The development in all 
cases was for a penod of 7 minutes in a solution 1 m 20 of Agfa Rodinal at 
18° C 

A piece of him was mounted m the quarter plate holder of the X iay spectio- 
meter, winch can be swung round on a turn-table over a graduated circle to 
make any desired angle with the beam reflected from the crystal The holde r 
was first arranged so that the reflected beam was incident nmmally on the 
film, and exposure for a suitable time was made with the crystal oscillating 
about the reflecting position with constant angular velocity The holder was 
then turned so that the beam struck the film at a known angle and an equal 
exposure w as given The X ray tube was maintained in as steady a condition 
as possible during this period, and lead screens were placed in suitable positions 
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over the him in order to prevent scattered radiation from falling on the exposed 
portions On a shielded part of the film were also registered six uniform spots 
corresponding to X-ray intensities in known ratios These are obtained by 
passing a uniform beam (from a distant tube) through six equal apertures in 
a lead plate, in front of which rotates a set tor so cut that the times of exposure 
for the holes are m the ratios of 100 80 60 40 20 10 Since the Schwarz- 
schild constant p is equal to unity for all X-ray frequencies,* this procedure 
gives a senes of uniform spots whose total intensities are also in the ratios of 
100 80 60 40 20 10 , moreover, it is not necessary to use copper radia¬ 
tion for the production of these spots These are the “ calibration spots ” 
winch serve as standards of intensity latio for this particular him 

These operations were repeated, using diftmnt strips of film, for various 
angles of incidence For convenience the hlms wc re all developed at the same 
time and in the same tank of developer in a special holder made for the 
purpose which prevented contact of the negatives with one another or with 
the tank , constant stirring made it certain that tin c ntire batch was developed 
uniformly and under exactly the same conditions With these precautions 
it was possible to make one carbon tissue with all the spots from different 
pieces of film printed on it, together with one of the sets of calibration spots, 
with a reasonable certainty that once the radioactive photometer his been 
adjusted to give a linear relation between a ray and X-ia> intensities for these 
calibration spots, the linearity will hold foi all the specimens of film The 
photogravure tissue G 12 was printed and developed m the manner described 
bj Astbury (he cit ), and measured up m the photometer Each individual 
photograph gives the ratio of the photographic intensities produced by the 
same X ray beam falling norm illy, and at an angle, on the film This is the 
correction factor D 2 by which the observed intensities must be multiplied to 
eliminate the obliquity effect 

The experimental measurements of 1) 2 for different angles are represented m 
fig 2 The possible error in each value is estimated at about 2 per cent, 
mainly owing to variations in the intensity of the primary X ray beam and 
m the velocity of rotation of the crystal 

A tentative explanation of this effect may be obtained in the following 
manner The duphtised film consists of two layers of sensitised material, 
mamly silver halides and gelatine, separated by a thickness of celluloid The 
problem is to investigate the total photographic action m the two layers as 
a function of the angle of incidence of the radiation 

* Bouwers ‘Z Pliysik,’vol 14 p 374 (1023) 
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According to Silberstem’s quantum theory of photographic action,* the 
sensitive emulsion may be legarded as composed of a number of discrete 



J)Ki 2 —Tho Relation between the I 1I111 \hmuption Fa< tor l) 2 anti tlie Vngk of Ineidenro 

grains, each of which beconns ‘ activated ” ind dtvelopablc on absorbing a 
quantum of tuergy An area of him is thus to be thought of is a sent s of 
taigcts prisented to the bring action of the incident quinti, so that tht 
absorption of a quantum by a grain takes place according to the Uws of 
probability Foi a single la)cr of grams of uniform si/e Silbc rstuu finds flic 
relation 

A -N(l(1) 

where 

k ■= number of grains activated 
N = number of grains exposed to the radiation 
n = number of incident qu inta 
a — area of each gram normal to the incident beam 

For an emulsion composed of grains of different sizes this law holds for each 
individual gram class, so that 

K ~ j/(«) (1 — e—»), (2) 

where K = total number of grains activated, /(a) da — number of grams 
havmg areas between a and (a -f da) 

* ‘ Phil Mag vol 44, p 257 (1922) 
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The law ma\ also bo extended to the case of a thickness of emulsion con¬ 
taining more than one layer of grams tin grains in the lowei layers are 
effectively shielded by those above and the mt lesult is mi rely an literal ion 
in the law of grain size distribution it rnuv then be assumed that the 
i xpri ssion (1) holds foi i aih si t of gr uns of i pa it it ulai an a m the duphtisod 
film under consideration * 

If now a beam of X lays be piojutid on tin him hist normalh tnd then 
at an ingle ij> with thi noimil thi numbi is of grains of a parts ulai irea 
activated in the two easis will bi in the ratio 

jl\^ — cos y 

where 

— numbir of activated giains m noinnl i \posuie 
k ^ numbi r of giams activ iti d at an angle 'ji, 

since tin numbi r of grams i xposed to the bi am is cos ']/ times as gieat foi tin 
oblicjui ixposun is foi tin norinil This will be tin c ise for all sizes of gram 
so that till total numbirs of giams blukemd m the two eases will also hi in 
the Tatio cos 

Now Bouwois (lot <U) his found experimintilly tin nlition 

D ■= !>,»(! -< ") 

where I) is the photogi ipliu dmsit\ piodiiiid 1>\ in X 11 \ intensity X, D,> 
and A being icinstants This is of ixuth tin same form as equation (1), 
so that the photogi iplnc densitv must bi pioportional to tlu number of 
activated grains It follows that the di nsitus com spoiiding to the incidence 
of tlu X ray beam obliquely and noim ilh an also in the ratio cos y 

It will now be assumed tint tin densities mulct consideration ire small 
so that approximiti 1) 

Photographii di lisity « Any intensity 

Undei tliesi conditions it is char (hat the oblique beam of intensity X is 
equivalent in its action on the him to an intensity X/cos ini ident normally 
This may be expressed by the state meat 

Action — A X/cos Ji, 

* It should be noted that this result is true only if two conditions are satisfied (l) That 
the thickniss of emulsion is such that it contains a number of layers of grams , (u) That 
the individual grams have a random distribution in (mentation , otherwise the effective 
area presented to the X ray beam is altered by oblique incidence There is no reason to 
believe that these conditions are not fulfilled in the case of the Doneo films used 
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where action denotes the X-ray intensity equivalent to the photographic 
blackening actually produced, as measured by the radioac tivo photomi t< r 
The production of this action will be accompamed by a loss of intensity fiom 
the beam proportional to the number of grains activated, and therefore to the 
action produced, so that 

Loss of intensity = 0 X/cos ^ 

Here C and A are constants, which arc proportional to one another 

It is now possible to investigate the behaviour of the entire duplitised him 
An X-ray intensity X incident at an angle t|> will produce an action A X/cos 
in the upper layer of emulsion, and will enter the celluloid backing with 
intensity X (1 -- O/cos <|i) A further absorption will take place m the celluloid, 
if this has thickness t and an absorption coefficient p, (for the particulai 
radiation considered), the beam reaching the second sensitive layer will 
have intensity 

X(1-C/cos <ji) o'* 

This, as before, will produce an action given bv 

A X/eos cji (l — (’/cos e - e‘ c 

so that the total action is 

A X/cos iji [I I (i (’/cosc[/)| ($) 

The same intensity X incident normally would give rise to an action equal 
to the value of equation (3) with 4* = 0, this is 

A X LI d c -M ‘(1 -0)1 (1) 

Then the ratio of expressions (1) and (4) is the correction factoi I>giving 
the relation 

D 2 — cos cj; [1 + e el (1 — 0)] / LI f 6-^‘« ' (1 - O/cos «(,)] f,) 

Tile values of the constants C and (p<) m this expression were easily ob tamed 
in the following manner A crystal was mounted on an ionisation spectro¬ 
meter fitted with a copper target X-ray tube, and arranged so that the K„ 
reflexion from a certain plane was entering the ionisation chamber The 
ionisation produced was then measured with and without a piece of film ill 
the path of the reflected beam , this gave the total absorption in the two 
layers of emulsion and the celluloid A specimen of film was thoroughly soaked 
in hydrochlouc acid and washed in hot water to remove the emulsion, and 
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the absorption of the celluloid which remained was measured in the same way 
The results of these experiments gave the values (pt) = 0 204, and C - 0 220 
Using these values of the constants the theoretical relation between D, and y 
lias been calculated and is represented graphically m fag 2, together with the 
experimental results It will be seen that the agreement is quite good 
Tilt assumption was made earlier thut tin photographic densities con 
corned w< n small This will not always be tin (ase but it is easy to si e what 
kind of error is introduced by the issumption Fen large densities in mcieise 
of incident inti nsity results in a smaller fractional increase of the number of 
grains blackened ConveTselj, an increase o£ activated grams in the ratio 
/.j, I will correspond to an increase of apparent intensity m a gnatu ratio 
than k^/L i In other words, 1)^ will have a smaller value than is indicated 
by the formula ( r >) for laigc photographic densities Hi fere nee to fag 1 shows 
that the experimental points, on the whole lie a little below the thcoritical 
eurvt, is would be expected fiom this masoning, but the discrepancy is small 
Tables of values of JU have been constructed in a form suitable for use in 
expirnnental work With a cylindrical film the angle of incidence and so 
l)g depends only on the eo ordinate £ of the particular reflected spot in the 
lecipioeal lattice, and Tabic I gives IJ„ for various values of up to £ - 0 8 


I able* I —Absorption Factor ])_, foi (Mindrical Films 
For Donco films and Copper K„ Radiation 


D, 


0 00 
0 02 
0 04 
0 00 
0 08 
0 10 
0 12 
0 14 
0 lb 
0 18 
0 20 
0 22 
0 24 
0 20 
0 28 
0 SO 
0 32 
0 34 
0 36 
0 38 
0 10 


1 00 
1 00 
1 00 


0 005 
0 006 
0 00 
0 00 
0 085 
0 085 

0 075 
0 07 
O 005 
0 0b 
0 055 
0 05 
0 945 
0 04 
0 03 


0 48 
0 60 
0 62 
O 54 
0 50 
0 68 
0 60 
0 02 
0 64 
0 06 
0 68 
0 70 
0 72 
0 74 
0 76 



0 006 
0 00 
0 80 
0 88 
0 87 
0 86 
0 85 
0 835 
0 826 
0 81 
0 80 
0 785 
0 77 
0 755 
0 735 
0 715 
0 605 
0 675 
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With a plane film D a depends upon the glancing angle of reflexion 0, and so 
upon the distance of the photographic spot from the centre of the film for a 
given distance from the crystal, Table II gives D a m terms of 0 and the dis¬ 
tance x of the spot from the centre for the him at a distance of 10 cms from 
the crystal This table is continued as far as 0 = 26°, and x = 1 $ cms 


Table II —Absorption Factor I) 2 for Flat Films 
For Doneo Films and Copper h. Radiation , film at a distance of 10 c ms from 
the crystal 


Distance between 
spot and contro 


(llanring 

reflexio 


.nglo 

0 


D, 


9 0 


10 

10 

11 

11 

12 

12 

13 


0 



1 00 
1 00 
0 995 
0 9") 

O 9S5 
0 975 

0 955 


li 

i| 


0 915 

0 S8 r > 
0 87 



8 

9 

11 

12 

n 

15 

la 

17 

22 

23 

2t 

25 

25 


! 


l oo 
1 00 


0 81 
0 79 
0 775 
0 756 
0 735 
0 71 
0 09 


Values of D a for other types of photographic films, or for X nn s other than 
coppe i K„ radiation, may be measured experimentally if required, or mar be cal 
eulated from equation (5), using the easily determined values of (pV) and 0 It 
may be noted that for small valut s of 1) 2 may bi take n < qtial to cos '\i with 
little error, and this approximation is increasingly iccurate the smaller (y.t) 
and ( ', and so the gre iter the frequency of th( X radiation used It may be 
considered applicable for Doneo films, to an a< c umey of about 1 per cent , 

o 2 
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for wave-lengths not greater than that of copper K, radiation (1 639 X 
10~ 8 cms ), up to i|j = 20° at least 

1 The Polarisation Factor 

Th( measured intensity of a crystal reflexion must also be divided by a 
factor which tak< s into account the state of polarisation of the primary X-ray 
beam If this radiation is unpolarised, the “ polarisation factor ’ is* 
i (1 + cos 2 20), 

0 being the glancing angle of reflexion If, howcvei, there is a plane-polarised 
component present, the factor has a different value It is important, therefore, 
to know the state of polarisation in all intensity work m order to have an 
accurate knowledge of the factor to be employed Since the experimental 
work which has been published on this subject m the past few years has been 
somewhat contradictory, the writers have thought it advisable to make a 
critical examination of the various results which have been obtained 
The work of Kirkpatrick, and of Wagner and Ott,f has shown that “ white ” 
radiation, from a tube run at a potential insufficient to excite the characteristic 
radiation of the anticathode, is paitially plane-polarised The electric vector 
of the polarised component lies in the plane containing the cathode-ray stream 
and the X-ray beam, as would be expected 
On the other hand Barkla and Sadler, and more recently, A H Compton, 
and Mark and Szilardf have shown in different ways that fluorescent X-rays, 
i e , characteristic radiation excited from a secondary source by an X-ray 
stream of higher freqw ncy, are unpolarised As httle is known of the funda¬ 
mental differences between the modes of production of characteristic, general, 
and fluorescent radiation, no prediction can be made from these results as to 
the probable state of polarisation of characteristic rays 

The first experimental investigation was made by Bishop § A water- 
(ooled Coolidge tube with a molybdenum anticathode was used, filters of 
zirconium or strontium being inserted in the beam to remove the general 
radiation and leave the K. or K p rays, respectively Reference should be 
made to Bishop’s paper for details of the experiment, it is sufficient to state 

* \V H Bragg and W L Bragg, “ X Rays and Crystal Structure,” chap 13 
t Kirkpatm k Ph\s Rev vol 22, p 226 (1923), Wagner and Ott, ‘ Ann Physik,’ 
vol 86, p 425 (1928) 

f Barkla ami Sadler, * Phil Alag ,’ vol 16, p 660(1908), Compton, ‘ Proc Nat Acad 
Sci,’ vol 14, p 425 (1928) Mark and Szilard, ‘ Z Physik,’ vol 35, p 732 (1926) 

S'Phva Rev ’vol 28, p 625(1926) 
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here that a considerable percentage of plane-polarisation was found Realising 
the extreme importance of removing as completely as possible the background 
radiation, Bearden and Wollan* isolated a truly monochromatic beam of 
molybdenum K„ radiation by reflexion from a crystal and examined it for 
polarisation They agreed m finding that the X-rays were unpolarised within 
the limits of experimental error (about 1 per cent) Haasf has recently 
examined iron K a radiation, and Mark and Wolff have investigated coppei 
K a rays, both using pure beams obtained m this way in neither case was anv 
polarisation obst rvtd, the possible error again being about 1 pc r c ent 

In view of these rt suits there can be little doubt that Bishop’s system of 
filters was in reality inefficient and that the polarisation which he observed 
was due to the residual white radiation It is sigmfu ant that the percentage 
of polarisation which he found agrees reasonably closely with that predicted 
by extrapolation from, Kirkpatrick’s measure in< nts on general radiation 
It may be concluded that there is not more than 1 per cent of plane 
polarisation in the charai teristic K„ radiations of molybdenum, iron, and 
copper, presumably this will be true of all characteristic X-rajs of the 
K series 

The effec t of the presence of a small amount of plane polarisation will now 
be investigated Kirkpatnck§ has derived an expression for the factor which 
is to be used in the case of a partially polarised beam, for measurements on 
the ionisation spectrometer Defining the state of polarisation by a factor 

P (T 0 - Ip)/(T 0 + M 

where I P and I 0 are respectively the intensity of the polarised component and 
the total intensity, he finds 

Polarisation factor = [sin' a 4 P <os 2 a 4 (P sm 2 cr 4 cos 2 a) cos 2 20]/(l -(- P), 
where a = the angle between the plain of reflexion and the plane containing 
the cathode stream and the me ulc nt X-rav beam 

In the experiments of Bearden, Wollan, Haas, and Mark and Wolf (loc 
cit ), P was found equal to unity, with a possible error of 1 per cent If a — 0°, 
which is the most common irrangcment of tube anil spectrometer in practice, 
and P ~ 0 99, the factor assumts the value 
(0 99 4 cos 2 20)/I 99 

* Bearden, ’ Proc Nat Acad Scivol 14, p 639 (1928), Wollan, \byd , p 864 
t ‘ Ann Physik,’ vol 86, p 470 (1928) 
t ‘ Z Physik ,’ vol 62, p 1 (1928) 

§ ‘ Phys Rev ,’ vol 29, p 632 (1927) 
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involving a maximum error of } per cent (for 0 — 45°), m using the ordinary 
factor i (1 + cos 2 20) 

This formula is applicable only to reflexions on the zero layer-line , as 
photographic work is concerned with reflexions at any angle to the axis of 
crystal rotation, it is net essary to see if an error of more than \ per cent can 
be introduced in the general case The general expression is found to be 

Polarisation factor = l/l 0 [|(l ft — T x ) + Ii sm z fi(1 + cos 2 26) 

f I P cos 2 / tos 2)3], 

where (3 = the angle between the axis of rotation of the crystal and the 
electric vector of the pohnsed component 
/ - the complement of the angle between the ri fleeted beam and the 
axis of rotation 

For (3 — 90° (which corresponds to a = 0° in Kirkpatrick’s < xpression), and 
P = 0 99 as before, this gives 

Factor — 0 r >025 (1 -+ cos 2 20) — 0 00501 cos 2 y 

On the zero layer-line / — 0°, so that the difft rence between the true value 
of the polarisation factor and \ (1 + cos 2 26) decreases with increase of / , 
the maximum error which can occur is thus J per cent, for reflexions by planes 
which contain the axis of rotation 

If there were any appreciable amount of polarisation in monochromatic 
X-ray beams, it would show up in the measurement of the intensities of the 
spots on single crystal rotation photographs With the same lattice plane, 
or planes equal in reflecting power, of a small single crystal, giving reflexions m 
different directions, the spot with the larger value of / should have the greater 
measured intensity (corrected with the appropriate factors Di and D 2 ) if 
there is polarisation The figures quoted m section 5 to test the validity of 
I) x and D 2 show that there is no systematic difference of this kind, and conse¬ 
quently no evidence from these photographs in favour of plane-polansation 
in the beam 

Two conclusions may be drawn from the discussions of this section — 

(l) That characteristic X ray beams contain not more than 1 per cent of 
plane polarised radiation 

(u) That the maximum error involved in assuming the polarisation factor 
to have the value | (1 -f- cos* 20) is J per cent 
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It sometimes happens that in the rotation or oscillation of a crystal, two 
(or more) lattice planes of equal reflecting power give reflected spots in diffeient 
regions of the same photograph A photograph of this typ< may lx used to 
test the accuracy of the c orn ction factors and 1) 2 The integrate d intensities 
of the spots arc measured by means of the photometi r multiplied by the 
ippropnate values of the factors, and the resultant corrected intensities should 
be equal 

In a series of measurements on an organa In xagonal crystal by Mr B W 
Robinson of this labor ttory, the following font pairs of equivalent lattice plane 
reflexions were determined 



As extra confirmation a small diamond was rot ited about a random axis, 
and tho intensities of the photographic spots given by the (111) planes were 
measured These gave the results 


f 

l 

Measured intensity ! 

1>, 

D, 

| Corrected intensity 

0 700 

0 286 

100 

0 00 

0 97 

87 3 

0 64 

0 42 

(111 114,120 116) 1 

Mean =116 

0 80 

0 026 

86 1 


The corrected intensities m the last column, for a pair of planes, cannot be 
expected to be exactly the same, since the paths of the reflected beams m the 
crystal, and therefore their losses of intensity by absorption, are not in general 
equal The absorption m organic crystals is usually small, and as may be 
seen above, the application of the corrections Dr and l) a is sufficient to give 
intensities which are correct within 2 or 3 per cent Since tho uncorrected 
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intensities may be as much as 100 per cent too great, the importance of the 
corrections is at once apparent 


Summary 

Possible sources of error m the measurement of the integrated intensities of 
X ray reflexions by crystals from photographic records are discussed, and 
correction factors developed for their elimination These are — 

(i) A factor dependent upon the geonutncnl arrangements of the crystal 
and the X-ray spectrometer 

(u) \ coriection introduced by obliquity of incidence of the reflected X-rays 
on tilt photographic film 

The ordinarv polarisation factor ^ (1 [ cos 2 20) is examined critically and 
found to b< valid m practice Experimental tiguro ur< quoted illustrating the 
use of the correction factors 

The authois wish to express their gratitude to Sir William Bragg for his 
interest in the investigation, and to the Managers of the Royal Institution for 
providing facilities for the work They also wish to thank Mr B W Robinson 
for numerous fruitful discussions on the subject of the absorption factor, and 
for providing some of the experimental data used in section r > 
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Measurement of Absorbing Power of Materials by the Stationary 
Wave Method 

By A H Davis, D Sc , and E J Evans B Sc , Physics Department, National 
Physical Laboratory Teddington, Middlesex 

(CommunKated by Sir Joseph Petavel, FRS —Ihceived December 23, 1029 ) 

1 Intioduction 

The stationary wave method of determining the absorption coelhcient of a 
mat( rial employs plane waves of sound at perpendicular incidence It requ ires 
the use of only small samples of material and provides a rapid and < onvement 
means of obtaining useful information 

The principle of the method has been previously described, so that a brief 
outlnn is sufficient A long pipe is provided with a source of sound at one 
end vnd is closed at the otln r by the test specimen Sound waves from the 
source travel down the pipe and are reflected by the specimen to an extent 
depending on its absorbing power Tin superposition of the incident and 
reflected waves gives rise to a stationary wave system, and the pressure 
amplitude varies continuously along the pipe, going through a series of maxi¬ 
mum and minimum values The same description applies to the velocity 
amplitude, with the difference that the pressure maxima coincide in position 
with the velocity minima and vice versa 
To determine the absorption coefficient a ” of a material it is sufficient to 
determine the ratio N/M which the minimum amplitude—either of pressure 
or of velocity—bears to the maximum The absorption coefficient, defined 
as the ratio of absorbed to incident energy, is then given by 



Vanous methods of measuring this ratio have been adopted Tuma who 
first suggested the stationary wave method used the ear as detector Subse¬ 
quently Weisbach used a telephom earpiece inserted in the pipe and Hawley 
Taylor employed a Rayleigh disc placed outside the pipe and communicating 
with the interior by moans of a narrow tube A description of this earlier 
work has been given by Paris * Later Paris, using as detector a hot wire 
microphone placed m the pipe, gave results for frequencies of 380 512, 660 


‘Proc Pliys Soc.’rol 39 pp 209 295(1927) 
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He found m many <- ases a measurable change of phase on reflection, and that 
there was no appreciable absorption of sound at tin walls of the pipe Early 
experiments were carried out in 1924* at the N P L using a telephone earpiece 
for measunng the sound No details were published, but exploring tubes 
were found desirable, and a square test pipe did not give such perfect nodes 
and antinodes as were later obtained with a cucular pipe Eckhardt and 
('hnslerf used as detectoi a telephone earpiece communicating with the interior 
of the pipe by means of a long narrow tube They tuned the pipe to resonance 
at each frequency, a procedure which, as Paris has pointed out, appears 
unnecessary They found no evidence of change of phase on the reflection of 
sound by the test material, and apparently concluded that such change would 
only occur in the cast of diaphragm-hke vibration of the specimen They 
found it was necessary to correct for absorption of energy at the walls of the 
pipe, and gave results for frequencies in the range from 297 to 3,200 cycles per 
second 

HoimburgerJ compared coc flu lents for \ arious materials, using a Rayleigh 
disc placed m the pipe as detector, the pipe being tuned Assuming the values 
for certain standard substances the coefficients of the remainder were then 
calculated The standard coefficients taken appear to have been obtained 
by the reverberation method and wero assumed to be the same as the station¬ 
ary wave coefficients In general such an assumption is unjustifiable and his 
procedure is open to criticism on this account 

Wentc and Be dell,§ using as soure e an electrically di iven diaphragm occupy¬ 
ing the whole s< etion of the pipe measured the pressure amplitude immediately 
in front of the diaphragm by a short narrow tube leading to a microphone 
The specimen was moved along the pipe and the maximum and mimmum 
pressure amplitude determined They assumed that, in consequence of the 
specially massive diaphragm used the velocity of the diaphragm was un¬ 
changed when the specimen was moved along the tube They did not find it 
necessary to correct for absorption at the walls of the pipe Results were 
given from 60 to 4 000 cycles per second 

2 Theory 

(a) General — It will be convenient to have the follow mg brief statement of 
theory Neglecting dissipative effects at the walls m the first instance and 
* N P Jj Annual Report, 1924 
t ‘ Bur Stds Sci Papers,’ No 526 (1926) 
t ‘ Phyn Revvol 31, p 275 (1926) 

§ ‘ Bell System Technical J vol 7, p 1 (1928) 
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taking the face of the specimen as the origin x = 0 , let the wave incident upon 
the specimen be the real part of 

= ( 1 ) 

Then, confining our attention throughout to real parts the reflected wave may 
be written 

( 2 ) 

where <j> is the velocity potential, w = 2n a frequency (2 = to jc — 2rr/X , 
c = velocity of sound , and A ■= wave-length 
The resultant potential m the pipe is 

<f> =- <f>i | <f>z ^ Ad^p'" 1 + B e~ iftx (3) 

If A and B are wholly real, so th it there is no phase change on reflection, the 
pressure amplitude P at any point is 

P = I P ^ I = P o + B 2 + 2AB cos 2(2.r]‘ (1) 

I of | 

Thus P 2 vanes harmonicallv with j, maximum values p 2 co*(A -f B) 2 occurring 
at x = 0, |A, A, JA, etc, minimum values p a to 2 (A — B) 2 aty = ^A, ^A, 
}A, etc 

The absorption coefhcn nt 



If we have reflection with change of phase, B is complex (B = B 0 e~ <? *), 
and the velocity potential is given by the real part of 

If, as pointed out by Pans, we substitute ari = x S/2, tj = 1 — (28/2to, 
we find 

<f> = Ae*<“‘^ m -i- (b) 

which is identical m form with (3), and A and B 0 are both real Thus the effect 
of the phase change S is to shift the whole of the stationary wave system a 
distance of £8 towards the ongin Accordingly, the phase change can be 
determined from a knowledge of the position of the stationary system relative 
to the material 

To obtain an estimate of the effect of dissipation at the walls, we assume’" 

* Crandall, ‘ Theory of Vibrating Systems and Sound,’ p 95 , Eckhardt and Chrisler 
‘ Bur Stds Sci Papers ’ No 526 (1926) 
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that the amplitude of a progressive wave in the pipe decays exponentially 
and write for the mcident and reflected wave respectively — 

and <f> a = Be" <•+*»■** 

where a is the attenuation coefficient, assumed to be small The total potential 
is 

<£ = <f>i f <f> 2 -= Ae<“+‘«*e^ (- 
and the pressure amplitude 

P = pw [AV“* + B a e--* + 2AB cos 20*1* 

The positions of the maximum and minimum values of P, given by 
3 (l^/S-r = 0 are found to be very nearlv the same as for no dissipation 

Let 

pcoA — P 4 pwB 0 — P r 

denote 1st, 2nd, 3rd, , maxima by Mj, M», M s 
and 1st, 2nd, 3rd, , minima by Nj, N 2 , N s 
Then 

M a = P < + P r , M a — P t + P f 'I JaA (P 4 — P f ) 

P 4 -1- P r d \(n - 1) aX (P 4 -P r ) (7) 

and 

Ni - (P, - P r ) -1 JaX (P t + P r ) N 2 - (P t - P f ) + 2«X (P 4 + Pr), 

N„ = (P 4 - P,) + (In - 1) i«X (P 4 + Pr) (8) 

We see then that the effect of absorption is to cause both the maxima and 
minima to increase with their distance from the closed end, this increase being 
neghgible m the case of the maxima, but appreciable for the minima, especially 
with highly reflecting specimens The correction JaX was therefore deter¬ 
mined by preliminary measuriments with the highly reflecting steel plate 
and was applied to the minima obtained with test specimens 

Actually m any test, as a check on the regular behaviour of the apparatus 
four successive mimma w< re measured and the average of the corrected values 
of these minima were taken 

The above theory is general We now consider the special case of reflection 
from a material placed in the pipe at different distances l from a perfect 
reflector closing one end Let the front surface of the material be the origin 
x = 0 and let the distance from the back surface to the backing plate be l 
For simpbcity consider an incident wave of unit pressure amplitude 
j> = where p is pressure in the wave Of this a fraction R e~ %fi *e ia is 
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immediately reflected and, after transmission through the thickness of the 
material, a fraction Te (p *e'“' emerges on the other side, where R and T 
arc coefficients of reflection and transmission respectively The transmitted 
part is reflected to and fro between the steel plate and the material, and at 
each arrival at the material a fraction emerges again on the side of the incident 
wave As a consequence, the final expression for the pressure m the reflected 
wave at a point x cm from the front of the specimen is given by the sum of 
geometrical progression, 

p = e-^V^IR + T 2 <r*'* + R*T*e- w ] 


-rt u R b- 


R and T are in general complex 
amplitude of reflected wave ib 

P = R 0 < -,< i- 


Wnting R - R 0 e-*, T 


(9) 

= T 0 e~‘' the 

( 10 ) 


If P 2w and P„ arc values of P for special cases when 2$l — 2n and n respec¬ 
tively, le , l = JX and l = JX, we find 


R„e- J 


Pg, + P, 


( 11 ) 


2 + P 2 „-l\ 

T 0 *e--“ - i (P 2 . - P.) (1 - R 0 *e- 2 ‘ s ) (U> 

Thus, from a knowledge of P 2 „ and P, we can calculate R 0 , S, T 0 , e, and hence 
find the reflected wave for any position of the absorbing material 

The arrangement employed m the measurements referred to below is that 
shown in fig 1 The test pipe was of wrought iron 1 2 cm thick, of 30 cm 
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internal diameter, and 250 cm long, with a flange at one end The interior 
of the pipe was Bcoured and painted to ensure a smooth rust free surface The 
pipe wall was comparatively thick to avoid appreciable vibration or yielding 
of the walls The pipe diameter was chosen to be as wide as possible both 
with a view to minimising any absorption effect at the walls, and to using a 
specimen large compared with any irregularities of the surface This width 
however is such that radial vibrations of the contained air may be set up for a 
number of freejuencus above 1290 cycles per second, and may thus impose 
an upper limit on the working of the apparatus A moving-coil horn type 
loud-speaker, excited by a valve oscillator, was used as source The mouth 
of the horn, which was of the Bame diameter as the unflanged end of the pipe, 
was placed close to that end of the pipe, but not in actual contact The loud¬ 
speaker, together with the adjacent end of the pipe, was enclosed m a felt- 
lined box 

Arrangements were made whereby the test specimen was mounted within 
a wooden nng bolted to a steel disc 0 9 cm thick, which served as a backing 
wall to the various materials In many cases the specimen was cemented to 
the backing wall Crevices between the specimen and the wooden ring were 
filled up with cenunt suited to the material, or with plasticene An airtight 
jomt between the flange and the ring was ensured by a rubber washer which 
was placed between them before they were bolted togethc r 

For the measurements of sound amplitude at points witlun the pipe an 
exploring tube of 1 2 cm internal diameter and 2 mm wall was employed, 
communicating with a moving coil loud-speaker movemont placed on the 
table outside the pipe At any frequency, the electrical E M F generated at the 
terminals of the moving coil instrument was proportional to the acoustio 
pressure communicated to the diaphragm by the exploring tube Incidentally 
resonances of the air column in the tube were of no importance for at any 
frequency the column was equally in resonance when the maxima and minima 
were measured, and the E M F was proportional to the pressure at the mouth 
of the system irrespective of whether it was in resonance or not By bending 
the exploring tube into U form (like a trombone slide) space was saved The 
exploring tube was supported within the test pipe upon a light framework with 
rubber wheels Whilst the position of the open end of the tube could be varied 
when desired over the cross section of the pipe, it normally occupied a position 
on the axis To suppress certain lateral vibrations of the exploring tube 
which were found to give rise to sound leakage into the conduit, the tube was 
passed through grooves tightly packed with cotton wool, and separately 
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supported just behind the loud-speaker cabinet Care was taken that the 
tube did not touch the loud-speaker horn, uor the sides of the cabinet Th< 
loud-speaker and its cabinet were completely insulated from the rest of tin 
apparatus To prevent leakage of sound and vibration to the, murophone 
it was connected to the explonng tube by a short 1( ngth of rubber tubing, and 
was carried on string suspensions in a rubber wheeled carnage to which the 
exploring tube was rigidly attached The adjustments wire such that, at all 
fiequencies, win n the open end of the explonng tube was stopped up, the nucio- 
phone reading was zero 

I n taking readings at various points the whole microphone system was movi d 
along Near minima of amplitude where variation with distance was very 
sharp, a slow motion device attached to th» microphone box was employed 
enibhng the minima to be determined accurately and conveniently to within 
± \ mm or hss A second microphone and tube (not shown) was used as a 
check in order to detect any changes of the loud-speaker output when the 
exploring microphone system w vs moved For each frequent y this second 
tube was in a fixed position m ai a maximum at tlu loud-speaker end 

The electrical system for measuring the rdative microphone EM F was 
similar to that described by Divis anil Fleming* The microphone EMF 
was applied to v tuned amplifier the re< titled output be mg passi d through i 
galvanomctei By moans of a two-way switch an EMF from a variable 
calibrated mutual inductance was substituted for the microphone EMF, 
the mutual inductance being adjusted to give the same galvanometer reading 
as the microphone The cmrent through the mductometer primary was 
derived from the oscillator by a potentiometer, and ntnamed constant 
Accordingly, the murophont EMF wis always propottional to the mutual 
inductance Since for this microphone the EMF is proportional to the 
pressure amplitude of the in< ident sound, it follows that the sound amplitude 
is proportional to mductometer reading The electrical leaks weri rendered 
inappreciable by the use of earthed leads 

A Procedure 

Measurements were made of the first four maxima and minima to avoid 
error, because it was found that in a few cases the first minimum was markedly 
different from the succeeding ones, which were more uniform Tins irregularity 
is probably due to lack of planeness m the reflected wave from a non-homo- 
geneous surface, and disappeared as the pipe was traversed The procedure 
* 1 Phil Mag vol 2, p 51 (1926) 
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accordingly was as follows The positions and values of the first four minima 
were determined, then the maxima, and finally the determination of the first 
mi nimum was repeated Readings of the fixed check microphone were then 
taken for each position of the exploring microphone Corrections were then 
applied to the values of the minima for any change of output of tin loud¬ 
speaker arising from moving the microphone from the maxima position and 
for the absorption of sound by the walls of the pipe The output of the loud¬ 
speaker was taken to be proportional to the check microphone readings, a 
procedure which receives some justification later The variations in output 
w ere found to be small, increasing at the higher frequenen s, and did not exceed 
5 per cent in amplitude The correction for absorption was applied as 
described in Section 2, and from the mean value of (A 0 — B 0 )/(A 0 + B 0 ) thus 
obtained the absorption coefhcwnt was calculated 

f Results 

Standard Steel Plate —The general behaviour of the apparatus was subjected 
to a rigorous overall test by usmg a steel plate —practically a perfect reflector 
to close the pipe This should have given rise to practically perfect nodes and 
antinodes, and to a sme-wave distribution of amplitude along the pipe It was 
necessary to take great precautions to avoid leaks, both electrical and mechani¬ 
cal, the latter bemg extremely troublesome Finally they were satisfactorily 
eliminated by the devices enumerated above This was shown by the measure¬ 
ments on steel plate, which gave an extremely low value for the absorption 
coefficient 

ft was observed by locating the mimma that the exploring tube measured 
the pressure at a point a short distance outsido its mouth The distance 
varied with frequency, being approximately 0 3 cm at 600, 0 4 at 800, 0 4 
at 1000, and 0 6 cm at 1200 cycles per second This end effect was verified 
by measurements by another tube, bent at the end, so that the mouth faced 
the other waj It may be mentioned that the effect does not enter into the 
measurements of absoibmg power or phase displacement, since only relative 
magnitudes and positions are respectively required 

The response of the microphone system was tested by taking readings at a 
large number of points between distance JX and |X from the plate, readings of 
the fixed check microphone also bemg taken Theoretically, for a perfect 
reflector and for linear response of the microphone, the relation between 
microphone E M F and distance should be very nearly a sine curve, as is 
seen by putting A = B in equation (4) As an example, experimental results 
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arc shown in fig 2 for a frequency of 1,200 c ycles per second in comparison with 
a true sine curve The microphone readings have been corrected for variation 



hio 2—Steel licfli ctor Relation between microphone reading and distance along pipt 
at frequency of 1 200 (yclca per second 

in loud speaker output due to movement of microphone tube in the pipe The 
precision with which the coirected experimental results igrcc with the sine 
curve indicates satisfactory response of the microphone system and justifies 
the correction for loud-speaker variation It may be noted that the loud¬ 
speaker variation experienced in this particular case was mu< h greater than 
that usually encountered, and the uncorrected experimental c urves themselves, 
usually lay very near the sme curve 

Accurate determination of maxima and minima for the steel plate showed 
that the maxima were all substantially uniform, but that the minima, although 
always very small compared with the maxima, showed definite increase with 
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distance fiom the plate The results were the same whether readings were 
taken on the axis or near (withm 1 6 cm ) the wall of the pipe, showing that 
conchtions were uniform over the cross section to withm a short distance of the 
wall This increase of minima is m general accordance with equations (8) 
and is prohably due to slight absorption at the walls 

The magnitude of the effect observed is also of the right order According to 
a theoretical treatment by Helmholtz, Kirchoff and Rayleigh, the decay factor 
for sound propagation m a pipe, when viscosity only is considered, is given by 



radius of pipe, p 'p is kinematic viscosity of an The 


effect of lu at conduction is to increase the decay factor, which remains of the 
same order of magnitude The following table shows values of a calculated 
from this formula, together with a calculated from experimental results bv use 
of equations (8) 


Table T 


1 roqnency 


Frequency 


500 

_____ _ 1 

theoretical j Experimental j 

5 8 X 10 * i } 8 10-‘ j 


1 000 

rheuretual I Experimental 


800 

theoretical j Experimental 

7 1 X 10-* j 6 8 v 10 5 

1 200 

Theoretical j Experimental 

8 9 X 10~ s j 7 3 < 10-& 


It is seen that tlic experimental and theoretical values aie of the same order 
of magnitude, and we conclude that the dissipative effects at the boundary 
are sufficient to account for the progressive increase of minima observed, and 
that corrections on the lines of equation (8) are justifiable 

As expected fiom the possible occurrence of radial vibrations of the air m 
the test pipe at frequencies above about 1,200 cycles per second, good minima 
were not obtained with the Bteel plate above this frequency Accordingly, 
all determinations made with the apparatus have been confined to notes below 
this pitch 

General Absorbents —Absorption coefficients have been determined for a 
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large number of materials Chief interest centres m the behaviour of the 
more effluent materials, and, m view of the fact that such materials as glass 
plaster, hard wood etc , all reflect about 97 per cent or more of the incident 
sound, no special attention has been paid to them A list of results is given m 
Tables 1 Va and IVb Table IVa relates mainly to simple absorbents employed 
under various renditions suggested b\ theoretical considerations Unfor 
tunately, however, absorbents used m the correction of acoustical defects of 
auditoriums are almost exclusively piopnetar> articles with special features 
and in Table IVb results foi a \anetv of these absorbents are colleited 
together 

In many cabes the absorption coefficient detei mined for samples of acoustical 
absorbents depended on whether or not the sample was rigidly fixed to the 
backing plate, the difference being greater in the case of stiff board-like materials 
than soft materials like felt, m which thr difference was often negligible 
Presumably it is due to occurrence of diaphragm-like vibrations of the free 
specimen The following lesults indicate tin magnitude of the effect 


Table II 


Material 


Cane fibre Iward X 1 om thick 
free 

Cane fibit board 1 1 cm thick, 
oemented 


Absorption coefficient at frequeuoy of 

50 j 500 | 800 j 1,000 

#. ^ - — | - 

04 | 0 05 ' 0 08 [ 011 

03 j 0 03 j 0 04 J 0 05 


17 

07 


Accordingly absorption coefflcii nts were always determined for the material 
rigidly lived unless otherwise stated Tlus coefficient gives the absorption 
due to porosity and yielding of the material when movement as a whole is 
prevented 

It was also found, in agreement with Paris, that there was a definite phase 
change on reflection even when diaphragm-like vibrations of the specimen were 
prevented by rigid fixing to the backing plate The shift of the stationary 
wave system was frequently of the order of 1 cm and was easily measurable 
It may be desirable to mention here that when test materials are reasonably 
homogeneous and undamaged, results obtained by the apparatus described 
above are satisfactorily reproducible for different samples For example, a 
number of measurements on different samples of |-inch felt always gave 
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practically the same results This was true also of certain cotton waste results 
which were repeated, and indeed the manner in which results given later (for 
different thu knesses of cotton waste, and different positions of felt) agree with 
the theoretical formulae, indicates that the apparatus functions satisfactorily 
Results obtained for a largo number of varied absorbents are collected together 
in Table IV It is convenient to notice a few general points which are revealed 
Variation of Absorption Coefficient mlh Thickness —Results given by Pans 
and Wente and Bedell, indicated that in general absorption increased with 
thickness, up to a limit when the absorption became constant 

Experiments wire made with the present apparatus on various materials, 
including cotton waste, a material which was used at the Laboratory as a 
material for thickly lagging the walls of sound chambers 
In many cases, for certain regions of thickness, an increase of thickness 
produced a decrease of absorption coefficient This effect, which does not 
appear to have been noted before, can be explained on theoretical grounds by 
taking account of the interference between sound reflected directly from the 
front surface and that emerging from the material after reflection at the backing 
surface The phenomenon is analogous to the reflection of light bv plane 
parallel surfaces in optics 

A foimula has been worked out by Crandall,* under certain assumptions, for 
the variation of absorption with thickness He obtained the result 


(13) 


where \ is the displacement amplitude (complex) of reflected wave for thickness 
l r the reflected amplitude for infinite thickness, and a + i$ is the propagation 
constant of the material, a expressing the attenuation and (3 the phase factor in 
the material 

If wc refer to pressure amplitudes instead of displacement the formula 
becomes 


r _|_ e -2 <•+'«* 
5 = 1 + re - “ (a+,wt 


(14) 


By measuring both the amplitude and the phase of the reflected wave, $ 
was determined for various thicknesses of absorbing material A test of the 
formula was made for cotton waste at a frequency of 1,200 by calculating the 
constants r, «, (3, from the results at this frequency They were found to be 
r — 0 2, a — 0 12, (3 = 0 3b From these three constants the* reflection 
* ‘ Theory of Vibrating Systems and Sound,’ p 195, equation (270a) 
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coefficients for various thicknesses were calculated The theoretical curve 
thus obtained is exhibited in fig 3 and shows good agreement with the expen- 



Tluckncs* (on 

Flu 3 — Mwnrption Coefficient of Cotton Waste Variation with thickness at frequoncv 
of 1,200 cycles per second 

mental results It is of interest to note that the velocity of sound in cotton 
waste, calculated from [i, is approximately 21,000 cm per second 

Measurements were also made at frequencies of 250, 500,1 000, and experi¬ 
mental lesults arc exhibited together in fig 4 It is seen that the behaviour 
is generally the same m all cases, the absorption rising to a maximum at roughly 
JX for each fiequency, then falling away and finally becoming constant 
Results were also obtained for felt and for cotton wool in layers They are 
shown in fig 5, where the same effect is again evident, but m these cases it is 
seen that the final constant value is reached much more quickly than m the 
case of cotton waste 

Variation mth Distance of Specimen from the Baching Plate - Measurements 
of amplitude and phase of the sound reflected from ^-mch felt plated at 
different distances from the plate were made at frequencies of 800 and 1,200 
The felt was chosen because its absorption coefficient did not depend on whethe 
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or not it was rigidly fixed to the backing plate In each case the theoretic al 
curves for variation were calculated from measurements at two distances by 
formulae (9), (10), (11) Figs 6 and 7 show the comparison between the 



Diatonic from plulc in {ruction o{ v.civc length \ 


Fiu 6 —Absorption Coefficient of \ inch felt at different distances fioni backing pi ite 
(fierpienc y of 800 < \ clou per sec ond) 

theoretical and the expenmental lesults The agreement at 800 is excellent, 
while that at 1,200 is also satisfactory It will be noted that both theory 
and expenment agree that the absorbing power in< rouses very rapidly wjthm 
a short distance of the plate, and that the results are repeated for positions 
^X apart 

Effect of Perforations m Substanu —It was observed that when perforations 
were made in the surface of a board-like material, the absorbing power was 
very much increased As an example, this is shown m Table ITT, which relates 
to a ^-mch cane fibre board, before and after perforation 
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Fio 7 —Almorptiou Coefficient of 1 inch felt at different distant cm from hackin'; pinto 
(frequent % of 1,200 cycles per second) 


Table IT! 


Alwoi ption coefficient at frequency of 


Cane fibre board 1 1 cm thick ! 0 01 

Cane fibre board 1 1 cm thick perforated with i 

font, ennh A inch Hm ! 

0 IT', I 


Eff(<t of Membrane.s fastened to Suifaei It will bo soon, ou referring to 
Table IV, that the effect of fixing various membranes to the front surface of 
soft felt-like materials was frequently to increase the absorption coefficient 
the increase being greatest at lower frequencies As a result the absorption 
is more uniform over the frequency range employed 
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Table IV —Sound Absorption Coefficients determined by the Stationary 
Wave Method (Figures m brackets relate to the phase change on reflection, 
and give in centimetres the displacement ( JS of equation (6)) of the stationary 
mve system, towards the specimen ) 


A - General Absorbents 


Material 


Steel bucking plat* 
Cotton waste* 


Cotton wool* (in layers) 


Cotton wool* (m layers) 


Felt (hair)* (in layers) 


Different samples 

Felt (han)— 

1st sample 
(2nd sample) 

Felt (hair) 

Felt (red hair) 

Felt* at distance from burl 
ing plate in oms — 


2 7 

3 a 


Thick 


A Imh ption tot ffieiont for frequency 
(cycles porsecond) 


0 01 0 002 
— ' 0 10(1 0 ) 

0 25 (7 4) I 0 07 (ti 8) 1 

0 48(9 7) 0 91(7 W) 

0 72 (11 7) I 0 98 (2 4) ! 

0 91 (5 7) . 0 87(1 1) | 

0 92 (« 0) I 0 95 (2 0) j 


| 0 000 


0 69 (2 0) 
0 77 (0 0) 
0 74(0 8) 
0 75 (1 1) 
0 75(1 1) 


1000 


0 004 
0 70 (4 3) 

1 0 (-0 7) 
0 9J ( —1 2) 
0 89 (0 3) 

0 94 (0 8) 

0 93 (0 3) ( 


1,200 


0 002 
0 89 (4 3) 

0 97 ( -3 1) 
0 91 (-0 0) 
0 92 (0 7) 

0 95 (0 5) 

0 97 (0 1) 

0 64 (1 7) 

0 91(1 0) 

0 87 (0 4) 

0 80 (0 4) 

O 80(0 4) 

0 80 (0 7) 

0 87(0 7) 


0 47 (1 4) 
0 74 (1 0) 
0 69 (0 6) 
0 OH (0 7) 
0 08(0 7) 
0 07 (O 7) 
O 70(0 8) 
0 75 (1 0) 


0 03 
O 04 
0 07 
0 08 


O 10 
O 11 
O 21 
O 19 


0 20 
0 25 
0 41 
0 36 


0 35 
0 43 
0 S r > 


0 

0 


40 

15 


0 244(1 2) 

0 81 (1 0) 

0 854 (0 3) 

0 826 (-0 0) 
0 781 (-0 6)j 
0 718 (-0 9), 


10 435 (1 15) 
]0 835 (0 8) 

o 80 (-0 1) 
O 795 (-0 3) 
0 735 (-0 4) 

0 06 (-0 6) 
0 545 (-0 4) 
0 292(-0 05) 


* Not demented to backing plate 
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Table IV A —(continued) 



Table IV B - Special Absorbents 









Akousti oelotex BB Perforated cane fibre I ward 1| inch thick, l »)7 lb per square loot, 441 
1 hole* per Bquaro foot 44 inch diameter, 1J inch doop Perforations 
1 exposed 

, B ! Perforated cane fibre Imatd -jj inch thick, 1 11 lb per square foot, 441 
holes per square foot, -ft inch diameter, 4 ini h deep Perforations 

( ! Perforated oano fibre board § inch thuk, 0 48 lb per square foot 

| Completely perforated 

Balsam Wool Bound Ab Soft wood fibre faced with open meshed muslin, bat ked with asphalted 
sorbent kraft paper 1 inch thick 0 22 lb per square foot 

Cabot quilt hel grass quilted In envelope of brown paper J inch thick, 0 321b per 

I square foot (No covering membrane ) 

Oelotex ( ane fibre board A Inch thick 

Hair felt , 4 inch thick, 0 54 lb per square loot 

„ I } inch thick, 0 81 lb per square foot 

Flaxlinum I Semi stiff flax fibre board 1 inch thick, 1 17 lb per square foot 

Masonite Pressed board about 4 inch thiok of fine wood fibres 

Hair felt (red) 1 inch thick, 0 48 lb por square foot 

Nashkote B332 Asbestos hair felt with cover of perforated oil cloth cemented on 

surface Perforations A Inch diameter, 10 per square inch, 4 inch 
thick, 0 47 lb per square foot 

,, B332 4s above, but thickness | inch Two samples gave 0 71 and 0 77 lb 

per square foot respectively 


Relation between Stationary Wave Results and Values obtained by Reverberation 
Method - In the stationary wave method of measuring absorbing power a 
small specimen is used, and the sound is incident perpendicularly, whereas 
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m actual practice, when absorbents are used m auditoriums, the sound is 
incident in a random manner upon large areas Agam the method of mounting 
materials in an auditorium on studding or otherwise may allow vibration of the 
absorbent, with some consequent effect upon the absorption, not covered by 
the stationai v-wave test in which specimens are usually adherent to the backing 
plate It is to be noted that a certain method of testing absorbents - the 
reverberation method—uses large samples mounted under practical conditions 
m a large test room, and gives results dim tly applicable to auditorium require 
ments 1 n vuw, however, of the cheapness and convenience of the stationary- 
wave method for comparing materials on a small scale, it is desirable to consider 
what relations hold between the coefficients determined by the two methods 
A theoretical formula for the relation has been given by Dr Pans,* which, 
stnctlj. speaking, should apply only to hard porous materials such as porous 
plasters As a matter of inti rest it was applied to results obtained for |-inch 
felt at 500 cycles per second as obtained at the N P L The average stationary 
wave value was 0 11 From this Dr Paris’s formula indicated that the 
reverberation coefficient should be 0 17, m< asurements upon three different 
samples agreeing to ± 0 005 Actually the reverberation coefficient of a 
large sheet of the same felt carried out under somewhat adverse conditions 
was found to be considerably greater than this Also a reverberation coefficient 
for Akousti-celotex BB at 500 cycles per second, estimated in the same way from 
an observed stationary wave value of 0 40, was calculated to be 0 49 Watson, 
however, found 0 70 for this material by the reverberation method 
Clearly the reverberation coefficient for these materials at 500 cycles per 
second is greater than the stationary wave value, but the different e is greater 
than that calculated from Dr Paris’s formula 
Companion between Stationary Wave and Reverberation Results for various 
Materials —In the absence of a theoretical formula applicable to all types of 
materials and in view of the importance of reverberation figures, Table V has 
been compiled from such data as is available, showing the actual experimental 
ratios between the two The stationary wave coefficients employed m ealeu 
lating the tables are those given m Table IVn The reverberation results 
have been compiled from various sources indicated It should be clearly 
understood that, whilst the materials are proprietary articles which have the 
same name, the samples were tested at widely different times m different 
countries and may well differ appreciably In this connection, for instance, 
two samples of the same felt like material weighed at the Laboratory varied 
* ‘ Phil Mag vol 5, p 480 (1928) 
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some 8 per cent in weight per square foot, and occasional samples of a com 
pressed board-like absorbent were found to be specially absorbent owing to 
loosening of surface layers Indeed, published reverberation figures foi 
commercial materials of the same name obtained by different laboratories differ 
themselves m extreme cases by as much as d: 20 per cent as is illustrated 
in Tabic V by the ratios given for akousti-celotex B and BB Variation is 
also shown in the two sets of values for balsam-wool For these reasons appreci¬ 
able variability is to be expected m the ratios for given frequency in Table V 


Table V —Relation between Stationary Wave and Reverberation Results 


Material 


Ratio ttevorbe ration oo offioient ftt { 
Stationary wave coefficient 


250-25b 


Source of reverberation 


Akouati cclotcx 
BB 
C 
B 
B 
B 
BB 

Balsam wool sound, 
absorbent— 

1 inch 
CeJotex* 

Felt, asbestos hair - 
I Inch 

Flaxlinum, 1 inch 
Nashkote— 

B332, J inch thick 
B332, } inoh thick 
B316, | inch thick 
Masonite 


1 2 Watson, 1927 

1 « Watson, 1927 

1 1 Watson 

10 P R Sabin. 

1 4 Bur Stand irds 

12 PR Sal. . 

2 0 | Watson 

2 2 PR Sabine 

10 ; 

2 8 I P R Sabmo 

12 P F Sabine 

1 0 | Watson 

2 2 I P V Sabine 

10 PR Sabme 

14 PR Sabine 

3 3 PR Sabine 

I __ 


♦ Information concerning the reverberation coefficient of cclotcx was received too late for 
these points to be included in fags 8 and 9 They arc, however, in good agreement with the 


An inference from the table is that the reverberation coefficient in the 
ordmary practical range is generally greater than the stationary w a\ e coefficient, 
the ratio being greatest for low frequencies 

In fig 8 the ratio between the reverberation coefficient and the stationary- 
wave coefficient has been plotted against the absorbing power determined by 
the stationary wave method In the case of the materials akousti celotex B 
and BB already referred to (stationary wave coefficients 0 23 and 0 40, 
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Fro 8 —Show mg the Ratio (reverberation coefficient/stationary wave coefficient) plotted 
against the stationary wnvo coefficient for a frequencj of about 500 cycles per 
second 

respectively), ratios obtained, from two sources of reverberation figures have 
been plotted A curve has been drawn to indicate the trend of the results, 
but in view of the miscellaneous nature of the materials a definite relation 
is not to be expected Similar results were obtained at other frequencies 

Tin c xpenments weie carried out in the Physics Department of the National 
Physical Laboratory The authors express their acknowledgments to Dr 
G W 0 Kaye, OBE, Superintendent of the Physics Department, for interest 
and encouragement Mr K Berry, Observer, assisted m the early stages of 
the work and constructed parts of the apparatus 
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Characteristic Energy Losses of Electrons Scattered from Incandescent 
Solids 

By Erik Rudberc, Nobel Institute, Stockholm, Sweden 
(Communicated by 0 W Richardson, F R S—Received January 13, 1930 ) 
Introduction 

The electron emission produced when solid conductors are bombarded with 
electrons of controlled speed has formed thi subject of a great number of 
investigations It is now generally recognized that this emission consists of 
three different parts (1) Primary electrons, trulv reflected without loss of 
energy , (2) electrons scattered back with reduced energy , and (3) secondary 
electrons proper, with very low velocities, which would seem to be produced 
from the atoms of the target by tho same collision processes that give rise to 
the second group Tn recent years considerable attention has been paid to 
the reflected electrons, the angular distribution of which reveals their wave 
character, if the target is a definitely orientated crystal of the substance in 
question * Some time ago I made some measurements on the velocity spectrum 
of the emission produced by electron bombardment, using a magnetic deflection 
apparatus of fairly high rc solving power f The principal object of this 
investigation was to look for evidence of groups of electrons with character¬ 
istic velocities related to the soft X ray levels of the substance From certain 
theoretical considerations such electrons might be expected to bo present in 
the emission j Taigc ts of lithium, beryllium, boron, carbon and al uminium 
were tried but in no case was there any evidence of electrons of the kind in 
question These results are discussed m the paper mentioned The distribu¬ 
tion curves obtained for different targets and bombarding voltages ranging 
from 40 to 900 volts were all similar in shape The reflected elections pro¬ 
duced a sharp and narrow peak separated from the rest of the curve by a 
very deep minimum The curve then rapidly rose to a maximum, corre¬ 
sponding to scattered electrons which had lost an energy equivalent to 25 

* Davisson and Germer, ‘ PhyB Rev vol 30, p 705 (1927), vol 33 p 700(1929), 
‘Nat Acad Su Proc ,’ vol 14, p 317 (1928), Davisson, ‘J Franklin Inst,’vol 205 
p 597 (1928), and vol 208, p 571 (1929) D C Rose ‘Phil Mag ,’ vol 0, p 712 (1928) 
f Rudberg, ‘ K Svenska Vet Akad Handl ’vol 7 No 1 (1929) 
f Richardson ‘Roy Soo Proc ,’ A, vol 119 p 531 (1928), Rudberg ‘ Rov Soo Proo ,* 
A, vol 121, p 421 (1928), and Joe cti 
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volts m the collision In addition to these, some experiments were made with 
targets of platinum and carbon, which could be kept at incandescence also 
when readings were taken It was found that new maxima appear at high 
temperature, nearer to the reflected peak, and that the 25 volt maximum becomes 
very famt but reappears after some time on cooling These changes were 
repeated several times It was concluded that the 25 volt maximum was 
produced by an adsorbed layer formed on the cold target in the high vacuum, 
whilst the new maxima with hot targets should probably be regarded as 
characteristic of the target substance itself Somewhat similar effects have 
been observed by Brown and \\ hiddmgton using a photographic method * 

The present investigation is a continuation of these experiments with heated 
targets The influence of the magnetic field set up by the heating current 
for the targets in the earlier apparatus made it necessary to work with fairly 
high bombarding voltages, and owing to the limited resolving power in this 
region the characteristic features of tho curves near the reflected peak could 
not be traced accurately The apparatus used in the present work is essentially 
in improved form of the tarlier one To avoid complications I have only 
studied targets of non magnetit material, these are copper, silver gold 
platinum, and the oxides of magnesium, calcium, strontium and barium 

Deso iptiou of Apparatus 

The various parts of the experimental arrangement employed are all 
mounted on a laige glass stopper, provided with a tube of large bore, joined 
to the pumping system, and several narrow tubes for wire connections A 
long, SO mm wide glass tube, closed at one end, surrounds the whole , it is 
joined to the stopper by hard sealmg-wax The inside construction consists 
of three parts the electron gun, the small box containing the target, and the 
large deflexion box, to which the tube shielding the electron collector is directly 
attached These are all shown in fig I, a , b represents a horizontal section 
through the plane of the slits in the deflexion box, c gives vertical sections 
showing details of the mounting of the target box and the target holder All 
metal parts are made of pure copper, silver soldered or bolted together bj 
copper screws The particular shape of the target holder was chosen in order 
to reduce the magnetic field of the heating current to a minimum For this 
purpose connexion to the ends of the thin strip used as a target is made through 
strips of sheet copper m the plane of, and parallel to tho target, the direction 

* Brown and Whiddmgton, ‘ Leeds Phil Lit Hoc Proc.’vo) l,p 102(1927), Whiddmg 
ton tbui , vol 1, p 242 (1928) 
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of the current in these strips being opposite to that in the target The leads 
for the heating current are insulated from each other and from the target 
box by thin pieces of mica and very short bits of quartz tubing The target 
box is insulated from the deflexion ohamber by sheets of mica 


voi oxxvir —i 
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Tin Homi-cvliiuhical wall of the deflexion box is made removable to allow 
adjustment of tin inside parts , it is provided with flanges which fit very 
dosely to tlu otlur walls of th» box to which it is fastened by 10 screws 
The entrain < and exit slits are cut b\ a sharp la/or m tlun sheet copper and 
examined und< i tin microscope They arc attached by screws to the inside 
of the box m such a way that they cover the corresponding wider slits in the 
rigid base plate of tin box The correct adjustment of the slits is i hocked 
anil then distance apait measured with tlu aid of a dividing machine The 
width of tlu dec turn beam which is analysed m this apparatus, is determined 
In i third slit m tlu central partition of the box, the two extra serecnB merely 
sciving the (impose of cutting down the effect of strav electrons The 
dimensions of tin slits used in the present research are entrance slit 2 5 > 

(i < 184, exit slit 2 > 0 071, central slit 2 5 > 3 all in millimetres The 

slit in the taigct box is 1 0 0 7 mm The distance Ik tween entrance and 

t xit slit was found to be 10 95 mm , the mean tadius hence very nearly 25 0 mm 
h’lom these data the greatest relative interval of velocity A v'v, within which 
e leetrons an colic etc el for a given value of the deflecting field, may be ealeu 
1 ited* , tin smallness of this quantity measures the resolving power In the 

. Ac .. . , 

|iics( nt rise maximum— -0 (i pel cent 

Vftcr a good main leadings had been taken with this apparatus, in which 
tmlv electrons scattered m a direction at ught angles to the primary beam are 
studied, it was thought elesirable to try similar experiments for electrons 
scatter'd in othei duections For this purpose the apparatus was altered 
m such a wav is to allow measurements of the velocity distribution among 
tlu scattered ole e hems to be take n foi a senes of elillcieiit angles in succession 
keeping otlu i conditions constant The change m the former elesign consists 
e ssentially m tlu mtrodue tion of a new < onstruetion, winch replaces the electron 
gun and tlu taiget box and which is rigidly attached to the deflexion chamber 
in the same way as the latter Tht new construction is shown in position in 
fig 2, a ami b in a the nearest coinei of tht uppaiatus is to be* imagined cut 
open, as indicated in order to show the interior parts, b is a top vie w Fig 2, c 
represents a vertical section through the centres of the two wheels to be seen 
in bg 2, b Tlu upper one of these wheels, the axis of which coincides with the' 
axis of the whole tube merely serves the purpose of transmitting a rotating 
motion to the similar pulle y attached to the electron gun and target to Ik 
rotated A simple coupling enables the first pulley to be turned from the 
* Kudberg Inc at 
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vapour pressure made by the Metropohtan-Vickers Electrical Company 
When lubricated m this way the joint worked very satisfactorily 

The long, very narrow electron gun of this apparatus constitutes a rigid 
stem to which the other revolving parts, particularly the target holder, are 
attached It is fixed to the pulley with its upper end and to another wheel 
with its lower part m such a way that it remains parallel to the slit when it 
is made to pivot round the common axis of these two wheels, which is also 

* (.' R Burch Roy Hoe Proc ,’ A vol 123, p 271 (1020) I am much indebted to 
Prof Siegbahn of Upsala who very kindlv let me have some of the oil given to him 
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parallel to the slit The target is a narrow strip, stretched as nearly as possible 
along the axis of rotation The target holder is insulated by strips of mica, 
and the construction is such as to reduce the magnetic field due to the heating 
current to a minimum The same precaution has been taken in the con 
struction of the hot filament source, w Inch is insulated by a quart/ tube fitting 
snugly into the gun tube Eleetncal connexion is made to the foil at the top 
ind to the filament at the bottom, by means of very soft copper springs, which 
do not impede the motion appreciably The position of the gun with respect 
to target and slit can be read from the outside by the aid of a fixed index and 
a circle divided in 24 parts, which is drawn on the top wheel 

Methods 

Keeping the bombarding voltage constant, theie arc two different methods 
which ma> be used to obtain the velocity distribution of the fast electrons 
from the target In the first of these the target box and the target are directlv 
connected to tht deflexion chambei The magnetic field, parallel to the slits 
is varied by small steps ovei the region corresponding to the veloeities m 
question si cording to the lelation 

v — erH/m, (1) 

where t is the velocity an < leetron must possess to be able to follow the semi 
< trcular path of radius r defined by the three slits, when the deflecting field is 
H For each setting of the slit, the current to the collector behind the exit 
slit is measured This method which was the one adopted in the previous 
work referred to, will be called the method of the varied field Since the energj 
of the electrons is proportional to the square of the velocity, and the lattei 
proportional to the first power of the field and hence to the coil current, it is 
necessary to plot the results against the square of the current in the magneto* 
coils to obtain the distribution with respect to energy A further disadvantage 
with this method is that the magnitude of the velocity interval selected by the 
slits is proportional to the velocity, whioh, means that the electrometer readings 
must be divided by a quantity proportional to the Bquarc of the coil current 
to give the actual number of electrons of the corresponding energy in the 
distribution 

The second method consists in keeping the deflecting field fixed at a value 
slightly higher than that which would focus the fastest—truly reflected— 
electrons on to the exit slit, and lowering the potential of the entire system 
target box and electron gun, by small, measured stepB In this way the 
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bombarding voltage remains the game all the time, but the electrons (merging 
from the slit m the target box are accelerated in the narrow apace between 
this and the entrance slit, ao that they enter the deflexion chamber with an 
< nergy winch is greatei than their initial energy by an amount equivalent to the 
applied potential difference If the total energy of the electron on entering 
the deflexion box corresponds to the particular velocity which satisfies equation 
(i) for the value of tin fixed magnetic held in question the electron is captured 
by the collector As the applied potmtnl difference is increased electrons 
which have lost a gn (iter amount of enorg\ m the collision are directed to the 
collector for the gam of kinetic energy in the a<(derating held makes up foi 
the loss in the target Obviously tlu applied potential difference provides a 
measure of the inugy loss and it is only necessary to dote inline the true 
zero of the ent rgy seal* Tins is done by obsemng the value of tilt applied 
potential for which the truly icflected electrons are directed to the collector 
This method which will be referred to as the method of accelerating 
potential, has anotlie r advantage besides that of the linear scale It is obvious 
that the electrometer readings give a direi t measure of the number of electrons 
which have suffered the corresponding energy loss, since the magnetic field 
remains the same all the turn But there is also a disadvantage with this 
method In the method of the varied held, the omission which is analysed 
dc rives exactly from the same spot of the t irgct, whate\ er the value of the 
field , this is easily m ogmsed, if the two limiting tiajcctones m fig 1 , b, are 
extended back into the targtt box Tn the second method this is no longir 
the case, for whi reas the path inside the deflexion rhambei is the same for 
all electrons analysed, the tiajectorus in the target box are more curved the 
lower the initial energy of the electrons Hence an electron, if it is to be 
counted, must start from a point nearer to the axis of the apparatus the greater 
the energy loss In the first apparatus the bombardment is sufficiently 
uniform over the area of the target xeqmred by the differences in speed in the 
region investigated, for the rotating target, however, the area bombarded 
is so narrow that this shift often produces a considerable distortion of the 
distribution curves obtained by the method of accelerating potential For 
this reason I have used both methods altematmgly As regards the first of 
the two, the range of velocities of the scattered electrons which is studied m 
the present case is so small relatively, that the readings may be plotted directly 
against the coil current without recalculation and the corresponding voltage 
scale marked down 
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Experimental Procniure 

As a support for the different substances investigated, strips of platinum 
foil, 0 003 mm thick, have been used throughout When targets of the 
other metals wore studied, small rectangular pieces were cut from a thin foil 
of the metal, two parallel slits were made in the small piece and the platinum 
strip passed through , finally the projecting edges were turned back and the 
whole was pinched tight together Such a platinum strip w ith a coating of 
a less refractory metal in the middle, is easy to heat and does not burn through 
if overheated for a moment as does a simple strip of tlu metal in question 
The oxides were deposited on a platinum surface, rough(tied with a piece of 
emery paper, by evaporating solutions of the nitrates in the usual way 

After assembly the tube received a heat treatment in an electric furnace 
the temperature of which was raised to 400° 0 A cooling mixture carbon 
dioxide and acetone—was then applied to the mercury trap md the filament 
and the foil heated for some time , then the bombardment was started with 
the foil still kept at Incandescence In general the evpenuunt with anv 
particulai target extended over a period of 4 days at least, during which time 
readings were taken several hours every day , sometimes an experiment would 
last more than a week In these experiments, not only weie the pumps and 
the nn rcury trap maintained in operation during the whole' time, but both the 
filament and the foil were kept glowing < ontinuously, day and night It would 
therefore appear that the targets must have been rather well degassed in 
these experiments As a matter of fact, the McLeod—of the large type, 
ealibiated down to 10 -5 mm—always indicated ‘sticking pressure” undo 
these conditions A few juns taken with pressures considerably higher than 
this, ot the older If) 5 mm , did not reveal any change in the curves due to the 
increased pr< ssure It should also be mentioned, that in no case was there 
any trace of a tungsten deposit to be ^ound on the targe ts when removed at 
the end of an experiment As a matter of fact a deposit of this land soon 
formed on the inside of the target box, and in such a position as to suggest that 
the particles of sputtered tungsten from the filament were largely specularly 
reflected at the hot surface of the target In some of the experiments with 
copper and silver the temperature in the first degassing was raised to such a 
point that the metal evaporated freely, forming a bright deposit on the sur¬ 
rounding walls, but when readings were taken it was tried to use such a heating 
current that the vapour pressure in front of the surface of the target could be 
neglected 
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A diagram of the electrical connexions is given in fig i, wheie the essential 
metal parts of the apparatus arc indicate d schematically In hi avy lines Tin 



hinting curt cuts for the foil and thi filament and the current for the pro 
duction of the magnetic field aie supplied by three separate batteries of large 
accmnulatois The last two of these currents can be adjusted very accurately 
by means of sliding resistances of different orders of magnitude The total 
current to the target and surrounding box (MA a ) is kept constant, with the 
rotating target, where the mieroammeter MA a is omitted, the total emission 
from the filament (MAj) is instead maintained the same m taking a curve, but 
the difference is very small The bombarding voltage, supplied by a high 
tension battery with a potentiometer for fine adjustment, is measured by the 
precision voltmeter V T with a high senes resistance Rj Except in the first, 
measurements with the method of the varied field, the voltage was kept ver> 
sensibly constant by balancing the potential drop across thi instrument b> 
the aid of an extra circuit, comprising an accumulator and a high resistance 
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box R 2 R s , Gj ia a galvanometer The accelerating potential difference 
used in the second method is supplied by a battery of small accumulators 
adjusted by a sliding resistance potentiometer and measured by the precision 
voltmeter V 2 

The first measuit month of the current to the collector were made by timing 
the motion of the electrometer needle as the quadrants charged up (electro 
meter sensitivity, 3000 mm /m for L voty) Latei this method has only been 
used m the legion of the true reflection, where the currents herome very large 
Kor the rest of the distribution curves the quadrants are shunted with a high 
resistance R 4 — a qu artz fibre with a thm film of sputtered platinum- and tht 
steady deflection of the needle is observed 

To supply the magnetic field I ha\ e used the pair of Helmholtz i oils pr< 
Mously i mplo>ed, giving 56 52 gauss pei ampeie A precision ammeter is 
included m the circuit, but the current is measured with a higher accuracy b\ 
t mploying the usual method of balancing the potential drop across a small 
lesistanco in series with the coils R# R 0 is a potential divider of the dial 
pattern and G s a galvanometer, used to check the b dance The «aiths 
magnetic field T have compensated m all experiments by means of a large 
pair of Helmholtz cods, mounted m the appropriate position They havi 
been omitted in the diagram 

Remits 

1 have confined the investigation to such scattered electrons for winch the 
energy lost m the collision does not exceed 50 volts A typical curve is shown 
in fig 4 for a platinum target, this was obtained by varying the magnetic 
held and timing the swing of the electrometer The dots represent the measure* l 
points The sharpness of the peak due to reflected electrons and its height 
compared with that of the rest of the distribution curve Bhould be noticed 
In all the othei ouives reproduced m the following, the ordinates of the part 
due to reflected electrons have been plotted in a scale which is roughly 1/10 
of that of the rest of the curve, for the sake of < om emenct Of the two 
further maxima exhibited by the platinum curve the one corresponding to the 
smaller energy loss is fairly sharp Sometimes this maximum is accompamed 
by one for a 3 volts greater loss, which may become so large that it almost 
suppresses the first one 

The curve m fig 5, for copper, was obtained m the same way as that foi 
platinum There are maxima at 7 0 and 25 4 volts loss, and indications of 
similar features at 3 5 and, although very feeble m this curve, at about 12 
and 35 volts 
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The curve for a silver target, shown m fig 6, was obtained by the method 
of accelerating potential, as indicated by the manner in which the voltage 
scale is marked off in this case Since this curve was taken with the rotating 
target apparatus, it is believed to come down a little too quickly on the side 
of higher energy losses, for the reasons mentioned in the discussion of the 
method There are three maxima in this curve, and the rise to the first one 
is remarkabU steep 
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Two different specimens of gold have been tested (fig 7) The first (obtained 
96 per cent of pure gold, the rest being presumably copper The second held 
99 9 per cent of the pure metal On tin whole there is a fair agreement 
between the curves for the first specimen, which like the upper curve in fag 7 
were all obtained with a fixed target and accelerating potential, and the results 
for the pure metal, secured m the second form of apparatus and using a varied 
magnetic field In the former cast, howevei, there is near the first maximum 
a further hump for a somewhat higher energy loss, which will be seen to be 
competing with the first maximum in the curve 
Still more salient features arc exhibited by the curves rendered by the oxides, 
particularly those of the metals calcium, strontium and barium With calcium 
oxide, for example, four different deposits have been tested and the different 
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methods < mployed using both types of apparatus Altogethei more than 
$0 distribution measurements have bun secured with this substance all of 
which show the same kind of uirve In figs 8 and distnbution curves are 
given for the oxides of the four metals mentioned They weie all obtained 
with the method of accelerating potential Each of the thiec oxides C'aO 
SrO and BaO gives rise to two conspicuous maxima, which appear to shift 
in the same direction from one element to the next in proceeding down tin 
senes Besides these mam maxima, there appears to be several small ones 
particularly in the case of <alcium oxide The curve for magnesium oxidi 
in hg 9 has at least one well developed maximum at 22 7 volts Of the others 
the one in the neighbourhood of 17 volts is usually brought out fairly well m 
the curves 

Before proceeding to give the numerical results of the different experiments 
to fix the position of these maxima m the curves, a few words must be said 
about the question how the distribution depends on the angle of scattering 
This has been studied with the apparatus where the target and electron gun 
could be rotated, m the case of targets of copper, silver, gold aud calcium oxide 
It should be mentioned that the angle at which the bombarding electrons 
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strike the plum, surface of the target > cumins constant in tin sc experiments 
since the lattei rotate a together with the gun This angle was about 30° 
in all the meammmints A typical scries of distribution curves for different 
ingles of scattering measured from the initial direction of the primary electrons, 
is shown in fig 10 These seven curves were all obtained by the method of 
varvmg the magnetic field, using a copper target The bombarding voltage 
was the same in all seven c ases , the very slight shifts of the scale whic h some 
of these curves exhibit, when compared with the others, are probably due to a 
small error in the adjustment of the rotating system, with the effect that the 
scattering studied does not take place at exactly the same points of the target 
for different settmgs This may produce a small change m the eneigy of tin 
bombarding electrons, on account of the voltage drop across the strip and the 
filament The inclusive potential drop, measured between the leads outside 
the tube, was generally about 1 volt for the strip, and about 1 5 volts for the 
filament 
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Fig 10 cleatly shows that the position of th< maxima is independent of tin 
angle of scattering, at any rate for tins range of some 70° All the other 
measurements support this conclusion In fact, the shape of the distribution 
curve is almost exactly the same for all angles It is doubtful if any meaning 
should be attached to the variation of the relative intensities of the maxima, 
which may be found m these curves, and which sometimes occurred m othei 
experiments of the same hind Such changes would frequently take place 
for the metal targets also m the measurements where the scattering angle 
remained fixed, owing to uncontrollable changes in the conditions 

In my first paper on this subject, I was able to show that, if the distribution 
is plotted as a function of the energy, maxima of this land retain a fixed position 
with respect to the reflected peak over a considerable range of the bombarding 
voltage In the present experiments I have hence mostly restricted the range 
of the bombarding potential to such values as were favourable for a determina¬ 
tion of the position of the characteristic humps m the curves Notwithstand 
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mg, the data presented m the follow mg tables supply valuable additional proof 
of this statement 


Numerical Data 

Tin following tables give thi position of the diffi rent maxima, or mdi« ations 
of maxima, in the curves, measured in volts from the centre of the peak dm 
to reflected electrons Thi bombaiding voltage and the kind of method 
employed are also stated '1 h< diffi rint turves are numbered m chronological 
order Where several taigits of the sami substanie have bien tested the\ 
are distinguished as I II eti Tilt symbol Pt' nftrs to a silver target backed 
with platinum, from which the silvei bail bei u distilled off completely, befon 
the measurements win startid 


Tabli 1 Copper 


laruil | No I Voltugi 


27 a 

20 H 

28 0 
25 4 
20 l 
25 2 
24 2 



E Kudbeig 


Tabh f (continued) 


Mean of all m< asurementn 
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Table III-Gold 


No Voltage 1 Method 


J65 1 
37« 1 
377 0 
390 0 
401 9 
417 5 
438 0 
408 9 


7 i 

8 4 
7 l | 


Mean of all meaaun mentu 


VOL 0XXV1I —A 
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Table IV —Platinum 


Target | No 

( Voltage 

1 

Method 

V, 

i v ’ 

V a i 

V t 

I 1 3 

03 0 | 

var field 

6 3 




9 

136 1 


6 3 




1 

! loo l 


5 8 


26 2 


5 

1 260 0 


0 4 


25 9 


2 

! 766 6 


5 9 


25 7 


4 

J 640 2 i 

5 9 


26 9 




6 1 


26 0 


II 125 

203 6 


0 6 




124 

224 0 

nee j H ,t j 


9 1 



116 

240 0 


5 9 

9 7 



116 

262 0 


6 5 

9 8 



117 

283 4 


6 7 

0 6 

23 8 


118 

304 0 


7 0 

9 3 

24 3 


119 

324 8 


6 8 

9 4 

24 2 


120 

344 1 


0 3 

8 9 

24 3 


122 

386 2 


6 4 

9 3 

24 1 


123 

416 0 



8 0 

24 2 


126 

437 3 


6 0 







6 8 

0 3 

24 1 


m io4 

260 0 

aoe pot 

6 1 

8 7 

25 4 

13 1 

[ 164 

270 3 


6 2 

10 1 

24 6 

33 7 

163 

282 2 


0 8 

0 4 

25 5 


163 

296 5 


6 5 

10 <1 

24 1 

34 1 

162 

317 1 


7 0 

0 4 | 

26 5 

33 0 

160 

332 0 


7 0 

0 7 1 

24 1 

1 33 8 

166 

359 9 


6 8 J 

9 4 1 

23 8 

: 

161 

370 1 


7 ■» 

9 4 

25 6 

33 9 

160 

386 0 



0 3 | 

24 0 

33 3 

169 

410 8 



9 6 ! 

24 8 

33 4 

168 

436 3 



0 t. 

26 0 

1 33 2 

167 

468 7 


71 

9 7 

25 1 

| 34 6 




fi 8 j 

9 5 

24 8 

33 7 

Mean of all measurement* j 

r 

0 4 

24 8 

l_ 

33 7 
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Tabic VI Magm sium Oxide 
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Table YII —Calcium Oxide 
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Table VIII —Strontium Oxide 


Target No 

Voltage Method 


V, 

V 3 

V 4 

V, 

I 65 

268 0 aco pot 

6 4 

9 7 

13 9 

26 8 

31 6 

66 

306 0 j 


9 7 

13 3 


32 1 

67 

336 0 

7 4 

10 1 

13 7 


31 7 

68 

360 0 

7 5 

9 9 

13 1 

24 6 

31 4 

69 

380 4 

7 3 

9 6 

13 1 

24 7 

31 6 

70 

404 4 l 

7 6 

9 8 

12 8 

25 3 

31 4 

i 71 

439 9 ] 

7 8 

9 9 

13 1 


31 7 


1 

73 

9 8 

13 3 

25 1 

31 a 

11 1 74 

153 9 I ace pot 


9 7 

13 4 

24 1 


72 

467 2 | 

7 2 

8 9 

12 8 

25 3 

30 7 

1 73 

490 1 | 


9 1 

12 4 

25 7 

30 5 


I 

7 2 

9 2 

| 12 9 

25 0 

1 30 6 

111 1 76 

239 0 aci pot 1 

0 8 

9 7 

13 4 

24 6 

31 7 

! 75 

273 9 1 


9 3 

| 11 5 


31 r. 

1 78 | 

286 0 

7 3 

9 5 

12 7 

25 3 

31 4 

1 77 | 

313 8 | 

7 5 

."V 

j 13 0 


31 3 

%: ' ’! 


7 2 

9 6 

! 13 2 

24 9 

31 5 

IV 224 1 

331 2 acc pot 


9 3 

13 6 

24 0 

12 6 

1 

352 2 


9 5 

13 8 

24 8 

32 6 




9 4 

13 7 

24 4 

34 5 

Mean of all measurements 

7 3 

9 6 

13 2 

24 9 

, 

11 6 


Table IX —Barium Oxide 



Voltage | Method j V, J V, | V 3 V, 

94 0 I ait pot I i 17 0 25 2 

125 9 1 10 I 18 1 24 8 

216 3 , 10 3 

262 8 10 4 16 6 25 0 

269 2 i 10 5 16 2 24 2 12 7 

282 8 I 10 1 16 2 24 6 82 4 

308 1 . 10 6 16 8 25 8 32 7 

347 3 10 6 17 1 25 5 33 2 

370 1 | 10 5 16 5 25 5 32 8 

414 8 | 10 6 16 4 25 5 

10 4 16 7 25 1 32 7 

328 0 , 11 4 26 5 

391 9 ! 11 5 17 3 26 1 

114 | 173 ( 263 ; 


Mean of all measurements 


10 6 


16 8 


32 
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It may seem strange to take a simple mean of all the values in the vicinity 
of 25 volts for gold Several of the curves for the first target give fairly definite 
evidence of two maxima in this region The corresponding maxima for the 
second target, however, have not been separated, although there is a con¬ 
siderable spreading of the individual values, and a separation of these values 
into two groups, with n spcct to then magnitude, would lit very arbitrary 
This is the reason why I hav e treated this pait of the curves as a single maximum 

Tn many of the cases where si veral targets of the same substance have been 
tested it will be found that the mean values for the different targets do not 
show such a close agreement among themselves as would be expected fiom the 
magnitude of the individual deviations within each group Hence there would 
seem to be a systematic difference in these cases It is fairly ceitam that the 
position of these maxima is influenced to a certain extent by conditions not 
controlled in the experiments, the nature of which remains unknown In 
some cases, the temperature of the heated target may be of some importance, 
although several experiments in which this factor was varied failed to reveal 
any mfluenie of this kind The changes m relative intensity and tin dis¬ 
appearance of some of the inaxuna should probably be connected with the 
same change in conditions, which is responsible for the shift in position Under 
these circumstances one might be inclined to regard the mean of the av er ige 
positions of the maximum for each separate target as the best value to represent 
this position I have chosen, however to use the simple mean of all deter¬ 
minations The difference is usually not very large, where the number of 
measurements is the same for the different groups, the two methods obviously 
lead to the same result The mean positions of the maxima thus calculated, 
together with the error in these mean values obtained in the usual waj are 
summarized in Table X 


Table X 



3 

4+0 

11 

6 

9+0 

10 

12 

3+0 

15 

25 

5+0 

31 

34 

510 

31 

Silver 

4 

0+0 

00 

7 

4+0 

08 

24 

8+0 

26 







Gold 

7 

3 ±0 

07 

10 

1+0 

29 

20 

9+0 

21 

35 

2+0 

19 




Platinum 

6 

5+0 

09 

9 

4+0 

08 

24 

8+0 

16 

33 

7+0 

14 




Pt' 

6 

0+0 

06 

11 

7+0 

12 

24 

8+0 

30 

34 

8+0 

23 




Magnesium oxide 


9+0 

10 

11 

7+0 

11 

17 

5+0 

11 

22 

7+0 

05 

33 

8+0 

13 

Calcium oxide 

9 

4+0 

07 

13 

8+0 

07 

20 

0+0 

17 

29 

4+0 

10 

36 

7+0 

13 

Strontium oxido 

7 

8+0 

13 

9 

fl+0 

08 

13 

2+0 

11 

24 

9+0 

17 

31 

6+0 

12 

Barium oxide 

10 

6+0 

14 

16 

8+0 

19 

25 

3+0 

20 

32 

7+0 

14 


~ 



The data of this table are shown graphically m fig 11, where each value is 
represented by a pointed, vertical wedge The height of the wedge should give a 
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rough idea of the relative importance of the corresponding maximum for each 
particular substance, % r , the weight given to the corresponding value This 
was determined by the product of the number of curves showing this maximum, 
and a se< ond weight factor from 0 5 to 1 0, to take account of the shape of 
the maximum in the curves (whether there was a real maximum or inertly an 
outstanding change of slope) In ordt r that this figure should gut at least a 
rough idea of the relativt accuracy m the different values, the Halbwerts 
breite ’ of the wedges was made equal to the calculated mean trrors from 
Tablt X The shape of the wedges has, of course, very little to do w ith the 
shape of the actual maxima m the curves For the sakt of brevity I shall use 
the term ' (cneigy) loss spectrum ” for a representation bke those in fig 11 

Discussion 

Tlte smallest values recorded are those for the first miximum in tin < as< of 
copper and silver There follows, for all the metils tested a prominent 

O volts in in in 10 



ho n 


maximum m the neighbourhood of 7 volts Further, the metals will lie seen 
to giv e a broader hump near 25 or 26 volts, usually fairly obvious, and a rather 
faint indication of a similar feature not too far from 35 volts I am inchned 
to regard the former of these as identical with the maximum always present 
with cold targets, whatever the substance bombarded If this maximum is 
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attributed to some common foreign substance, the possibility of a hump m 
this part of the loss spectrum characteristic of the metal itself should not be 
excluded The behaviour of the curves for gold may have some significance 
m this connection, but the question requires further experiments The loss 
spectrum for Pt' bears a close resemblance to that for platinum, and there is 
no reason why this target should have differed essentially from the ordinar> 
platinum ones The prominent platinum maximum at 9 4 volts, however 
appears replaced by an equally sharp one at 11 7 volts This is certainly 
not an accidental shift The possibility* cannot be entirely excluded, that 
this last maximum is due to copper, although it does not seem very likely that 
the adjustment was so bad that the scattering from the copper leads to the foil 
was included m the measured emission to a considerable extent Also, these 
leads should have been at a comparatively low temperature in the experiments 
As regards the loss spectra for the four different oxides tested, the possibility 
of the appearance of features pertaining to the backing substance must not 
be overlooked since the deposits were sometimes thm and did not cover the 
entire suifaci of the strips Both the position and the general shape of the 
first maximum m the casi of magnesium o\id< and caluum o\id< ari m agree¬ 
ment with the view that thest maxima belong to the platinum support The 
same is probably true for the first and second maximum m the loss spectrum 
for strontium oxide although the value for the former one is rather lugh 
The second maximum for magnesium oxide coincides exactly with the strongest 
one in the loss spectrum for Pt' The peaks near 25 volts for strontium oxide 
and barium oxide are probably not related to the one common to the metal 
targets, although they fall in the same region 

It is difficult to trace any relations between the different loss spectra as 
shown in fig 11 Although the senes of substances studied—elements from 
the first and second column of the periodic table—was chosen partly with the 
view of looking for such regularities, there is, of course, no binding reason why 
a relationship should be expected As regards the metals, however, the gap 
between 13 and 25 volts should be observed With the oxides there would 
seem to be some evidence of sequences in the loss spectra Thus the values 
CaO 13 8 SrO 15 2, BaO 10 6, and CaO 36 7, SrO 31 6, BaO 25 3, for the 
two strongest maxima in each case, show a similar trend , to the first series 
the fairly prominent maximum at 17 5 for magnesium oxide could perhaps 
be added at the top The less important peaks CaO 29 4, SrO 24 9, BaO 
lb 8 (to which MgO 33 8 may indicate a prolongation at the upper end) 
* Prof, 0 W Richardson has very kindly suggested this possibility to me 
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form a sequenoe with a similar trend 1 have no theoretical explanation to 
offer for this behaviour of the maxima in the curves, and it is, of course, 
possible that it is only a matter of chance, to which no significance should be 
attached I think, however, that this particular feature is sufficiently striking 
m fig 11, and perhaps still more in the cuives, to justify mentioning at the 
present state of things 

Intel filiation 

It does not seem possible to give a detailed quantitative interpretation of 
the experimental results at present As to the nature of the phenomenon, 
the following conclusions may be drawn The effect is not one of diffraction 
of electron waves of the usual character, which is related to the crystal structure 
of the target This is shown by its independence' of bombarding voltage, 
orientation of the target and scattering angle It is also difficult to imagine 
that the often complicated structure of the experimental distribution curves 
could simply represent the variation of the probability foi one single kind of 
ionisation The several maxima m the distribution curve for the secondary 
t lectrons pioper, which would be expi cted on this view have not been observed 
also, a probabihty curve of this kind could hardly show such a remarkable 
independence of voltage and scattering angle In fact, 1 believe that the 
constant position of the maxima measured m terms of energy from the reflected 
piak ((institutes definite proof that their appearame is accompamed by 
d( finite energy changes taking place in the bombarded atoms at the surface 
of the targets The values obtained should thus lepresent a kind of critical 
potentials for the substances in question Such potentials, secured by a modi¬ 
fication of the well-known method of Kranck and Hertz, have recently been 
published bv H B Wahlin* for the vapours of copper and silver His curves 
show a great number of small breaks for potentials m the region from 1 to II 
volts, some of which are not too far from the few values for targets of these 
metals listed m Table X but these breaks are m no way outstanding ones and 
it is very doubtful if any correlation exists From spectroscopic data, the 
values for the resonance potential, IS — 2Pj 2 , and the first ionisation potential, 
IS, should be for copper, 3 80 3 77 and 7 69 , for silver 3 76, 3 65 and 
7 54 , for gold, 5 08, 4 61 and 9 25, all m volts f On the whole it would 
seem that the two first maxima obtained reproduce, to some extent, the general 
trend of these values—the resonance doublet could scarcely be expected to be 

* ’ Phys Rev ’ vol 31, p 155 (1928) vol 32 p 277 (1928) 

t Franck and Jordan, ‘ Anregung von Quantenspriragen durch btfisse,” p 127, Berlin 
(1926) 
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resolv ed -although there are very large individual deviations (for instance gold) 
The spectroscopically determined values, however, correspond to the free 
atoms in the gaseous state, and though there may have been some metal 
vapour presint of a very low pressure at the temperatures of the bombarded 
targets, the greater part of the scattering must have taken place m the solid 
substancf, where the conditions probably were rather different from those 
governing the reactions of free atoms Brown and Whiddmgton,* using 
oxide coated targets, obtained lines which they ascribed to oxygen The 
strong maxima at IS 8 volts for calcium oxide and 13 2 volts for strontium 
oxide are fairly close to the ionisation potential 13 56 volts for atomic oxygen, 
but the corresponding maximum in the case of barium oxide is too far removed 
to make this interpretation appear likely to be correct 

Maxima m the distribution curves, which result from the excitation of free 
atoms, should be expected to be very sharp The greater width of the maxima 
found, as compared with the width of the peak due to reflected electrons, could 
be accounted for by the fact that the regions for which energy changes take plat c 
in sohds are often quite broad Small changes m energy, suffeied bv the 
scattered electron along its short path m the target, would produce tin 1 same 
result In the case of ionizing collisions the energy lost should \ u\ from a 
lower limit upwards, depending on the amount of kinetic energv with which 
the liberated electron escapes , heme the maximum may appear shifted to a 
higher voltage value than the actual ionizing potential An accurate know ledge 
of the energy distribution for the slow-moving secondary electrons formed, 
and particularly of the position of its maximum, would make it possible to 
correct for this shift With this object, I have spent much time trying to 
measure the low velocity end of the distribution curves for different targets 
The influence of the magnetic field due to the heating current, which prevented 
measurements m this region in the earlier work, was satisfactorily removed by 
the construction of the new target holder, but owing to the effect of space 
charge, necessarily present for bombarding currents of this magnitude, the 
behaviour of the tube was sometimes erratic When conditions were steady, 
curves very similar to those for cold targets were obtained The position of 
the maximum in these curves—plotted against energy after recalculation— 
often exhibited changes for the same substance much greater than those in 
the curves for the scattered electrons Apart from the deformation of the 
curve probably produced by the space charge, the distribution of the electrons 
escaping from the surface could scarcely be expected to be identical with the 
* * Lewis Phil lat Soc Proc vol 1, p 162 (1927) 
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initial one for the secondary electrons at the moment they leave the parent 
atom, since subsequent collisions on their way out is likely to change this 
In view of this uncertainty, no attempt has been made to apply a correction 
of the kind mentioned to the data in Table X 

Recently E Rupp* has published some interesting results on the absorption 
and reflection suffered by comparatively slow-moving ehctrons m thin films 
of a number of different elements Characteristic maxima were found in the 
turves, which were very similar for the two kinds of phenomena under investi¬ 
gation They are regarded as indications of characteristic absorption fie- 
quencics for the electron waves analogous to the characteristic frequencies in 
the corresponding case of optical dispersion The geneial shape of these 
maxima is often similar to that for the peaks found m the present research 
but for the few elements which have been tested in both respects, the positions 
of the maxima are different In spite of this it would seem likelv that there 
is a relation between the two efftets 

It would be a matter of great interest if a characteristic spectrum of radiation, 
related to the energy losses found, could bo obtained by subjecting solid 
targets to electron bombardment Such a spectrum should occur in the legion 
from the visible down to the far ultra-violet In the case of metals, a survey 
of existing experimental data by different investigators has recenth led me to 
conclude, that there is no appreciable amount of such radiation emitted for 
bombarding voltages of the magnitude here considered, and that the return of 
the atoms to the normal state must therefore involve some kind of a radiation¬ 
less process f Eoi the oxides things ma> possibly be different Whilst thus the 
prospects do not look entirely hopeful for a fresh attempt to find characteristic 
radiations to correlate with the maxima here found, it is possible that previous 
shortcomings could be due to a failure to hit some essential condition, such as, 
perhaps, heating the target, m the experiments hitherto performed Tt 
appears to me a matter of some importance to re-mvestigate this point and I 
am hoping to be able to try some experiments of this kind presently 

Summary 

An apparatus is described by means of which the velocity distribution of an 
initially homogeneous beam of electrons can be obtained after scattering from 
the surface of targets of different substances, kept at incandescence 

*‘Z PhjKih,’ vol 58 p 145 (1920) 
t Loc cit 
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The distribution with respect to energy among the scattered electrons has 
a sharp peak, corresponding to truly reflected electrons, and several small 
maxima for slightly lower values of the energy, which form the principal object 
of the present investigation These maxima are characteristic of the sub¬ 
stance forming the target, and their position with respect to the reflected peak 
remains constant for the wide range of bombarding voltages tested Using 
a modified form of the same apparatus in which the target and electron gun 
can be rotated, it has been proved that these maxima are also independent of 
the angle of scattering 

Tables are given containing the positions of such maxima measured for 
diffeicnt targets 

In discussing these results it is pointed out that the maxima show the 
characteristics w hich the) should possess, if the) result from inelastic collisions 
with the target atoms involving d<finite uiergy changes, such as excitation 
and lom/ation of the lattei ones No definite conclusion concerning their 
classification has, however, so far been arrived at, from a comparison of the 
values obtained with existing spectroscopic data for the gaseous state In 
this connexion the demand for investigations on the radiation from heated 
solids, bombarded 1>) electrons, is emphasized 
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The Effect of a Nucleus Spin on the Optical Spectra —II 
By J Hargreaves, B A , Clare College, Cambridge 
(Communicated by R H Fowler, F R S —Received December 21, 1929 ) 
Introduction 

In a recent paper 1 " the author has considered the effect of a nuclear spin 
of half a quantum on the optical spectra of an atom with a central field The 
investigation had special reference to caesium, the hyperfine structure of which 
has been examined by Jackson,! but the results obtained were not in very 
good agreement with the experimental observations In the former paper it 
was stated that the method could be extended to the case of an atom with a 
nuclear spin of i n quanta (where 2?„ is an integer), but that the investigation 
of such a case would be difficult whe n owing to the large number of 

wave-functions required by the method used to describe any state of the atom 
It has been found, however, that the work is not so arduous as was anticipated, 
and in the present paper a general method of solving the problem is developed, 
and applied to the cases i n =1, 1J, 11 The fiist two cases are, as yet, of 
little practical interest, but are sufficiently simple to maki a general solution 
possible On the other hand, the case of i„ = 4^ has practical application to 
bismuth, the hyperfine structure of whi< h has been investigated m two papers 
by Back and Goudsmidt J In the second of these, which deals with the 
Zeeman effect, it is shown conclusively that the hvperfine structure is due to a 
spin of 4| quanta It haB been found too difficult m the present work to 
obtain a general solution of the multiplet levels of bismuth, but it has beeu 
possible to calculate the intensities of tin components of the lines -* 
and ->■«!, the formei of which has been examined by Bac k and Goudsmidt, 
and the results obtained are in fair agreement with theirs There is, of course, 
the usual lacuna regarding the S levels, and we have to make special assump¬ 
tions to obtain these In addition the P -» S transitions for — 1 and i n = 11 

are calculated In all cases we treat the problem as that of one electron in a 

central field 

Smce the present work was completed a paper has appeared bv Hill § in 
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which he gives a general formula for the nuclear spin multiplet intensities 
H< obtains a result which agrees with our former result for t„ = J, and his 
foimula gives the same intensities as the calculations described here for bismuth 
His treatment of the problem is purely kinematical, without reference to 
multiple wave-functions or energy levels He points out that the assumption 
we made m 1 that the interaction energy of the nuclear and electron magnets 
is negligible is none too justifiable As far as the present writer can see his 
objection is valid The problem is, however, so far as the intensities are 
concerned, a kinematical one, and independent of the Hamiltonian The 
method we use provides a convenient way of finding the multiple wave 
functions The problem is actually the one of finding a set of 4t„ + 2 un¬ 
perturbed wave-functions which give the same total intensities as the un 
resolved wave-functions The present treatment gives m addition the increment 
energies due to the interaction of the nucleai spin and orbital momentum 
We can find the increments due to the interaction of the two spins, by averaging 
the corresponding part of the Hamiltonian over the unperturbed system of 
w ave functions This is really a separate problem, and mvolvt s some lengthy 
calculations, and will therefore be dealt with elsewhere 

It is thought that the present treatment of the problem will not be without 
mterest, in so far as it enables one to deal with the dynamical as distinct from 
the kinematical properties of the problem, and in particular enables one to 
calculate the energy levels 

As in 1 a quantum number/ is assigned to each level This is representative 
of the total angular momentum of the atom (including nuclear spin), and this 
mechanical interpretation is easily verified for any particular case by the method 
described in I It is also easily verified that / cannot change by more than 
unity, as is evident from other considerations 

v) 1 Calculation of the Spin Matrices —We use the same notation as in I, 
iTj. a being the spin variables of the series electron and p x , p v , p, those of 
th( nucleus The Hamiltonian is the same as that in I (equation (13) ) 
Our first problem is to calculate matrices which we may take to represent the 
<r s and p’s at any instant of time, that is matrices which satisfy the necessary 
“ vertauschungs ” and commutative relations, and have the correct character 
istic values We must also impose the condition that they should be Hermitian 
The matrices for a z , <r v , a, will be similar to those used in I, except that we 
shall have to extend them to contain the same number of rows and columns 
as the p’s The angular momentum of the nucleus about any axis will have 
quantised values differing by h, and having ± iji as maximum and minimum 
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respectively, and therefore each of the p’s will have as characteristic values 
the numbers* 


±2i», ± (2*» — 2), ± (2t„ — 4), , ± 1 or 0 

We shall consider first the case — 1 and from this and the results for i„ = £ 
we shall be able to construct the matrices for any value of i„ by induction 
In order to do this we consider the single quantum of spin denoted by i„ = 1 
to b< made up of two equal spins of half a quantum each and represented bv 
\armbhs p x ', p v ', p ' and p z ", p„", p," We have in addition a x , o v , o, 
for tin < 1( ctron spin The three spins interact to give us 8 (— 2 3 ) different 
wave-functions ij t(i,y,z,n p p,") denoted by v|i r (i — 1 , 2 , 8), where 

<!q - 0 V ' 1 1 1) 1, 1 M 

- V U, V, *, 1. - 1 1) = iMj-, y z, - 1 - 1, 1) 

•h = +<«** v = U, - 1), to = 4 »(jp, y. s, - 1,1, -1) 

= <M'. y z, 1, -1, - 1), +8 = V.S, - 1, - 1, - 1) 

Foi the <ase of electron spm alone the matnees foi <r z <r„, a may be taken to 

be 



from which wt obtain the result of the operation of any of the <r’s on ^ We 
can apply this to the present case, associating foi this purpose ijq with ij/ 2 , iji, 
with 'y 4 , etc (it, we' associate wave functions in pairs for which a z — ± 1 
and m which p/ has the same value and also p_") In the same way w( can 
use the abo\e matrices to calculate the operation of any of the p”s or p"’s 
on iji For the purpose of operating with a p' we associate <|q with ^ 3 , <{/, with 
iji t , etc , and for a p", ipi with i|i G , t}»2 with tp a , etc W e thus find the result of 
any operation of the form 

(P'4*)p» (p"<Mr » = 1. 2, 8 

Actually in our problem we are concerned only with operators of the forms a, 
p' -f p", and in this case it is easily seen that all the i|/’s are not independent 
In fact we can combine either of the two characteristic values of cr, (± 1) with 
any of the three characteristic values of p,' -f p„" (i e , ± 2, 0) giving six 
wave-functions It is clear from (I) that when p t ' -f p," is taken for an 
independent variable in i]i m place of the two variables p,' p ", then 



The angular momentum is $hp 
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and = <K and this is verified by the calculations just described Now the 
functions iji, (r = 1, 2, 8) must satisfy the normabsmg relation 

j 

t e, 

f{|^i! a + l+ 2 |* + 2|i{i3l* + 2|^l 2 + l4-7l* + l^! 2 }^ = i 
If, therefore, we rename the wave functions thus 

l|0 — Ml, = «2, 2 *<]m — Wj, 2*^4 = «4, ^7 — m 5i 4^8 = W«, 

the functions u satisfy the usual normalising relation 

J I Kl 2 cfr=l 

If now we find as a result of the above calculations that 

l(p' f p") (Jl], = a, ! 4<1 +• O, 2 ^2 + «, 3 +3 + «, « 4>4 -)- a, 7 +7 + <7, 8 4*8. 

8 = 1,2, 3, 4, 7, 8, 

we are able to write down the matrix representation of p' f- p" regarded as 
an operator on the s, the sth row being formed by the coefficients in the above 
expression We require, however, to know its representation regarded as an 
operator in the u s, and therefore have to transform the above equation to 
one containing u s It is found that this is merely equivalent to the process 
of making the corresponding matrices Hermitian It is easier to generalise 
our matrices from the non-Hermitiau type so we shall write those down first 
They are found to be 

rr x =fO 1 0 () 0 O’! o„ = f 0 — i 0 0 0 0* 

I 0 0 0 0 0 i 0 0 0 0 0 

0 0 0 1 0 0 0 0 0 —• 0 0 l 

0 0 1 0 0 0 0 0 i 0 0 0 [ 

0 0 0 0 0 1 o 0 0 0 0 —i 

w 0 0 0 0 1 Oj 1.0 0 0 0 % 0. 

a, = C1 0 0 0 0 O' 

0 —1 0 0 0 0 

J 0 0 1 0 0 0 ! 

jo 0 0-1 0 of’ 

ooooio 
,0 0 0 0 0 -1. 
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p e .= f 0 0 2 0 0 O') 0 —2i 0 0 O' 

00 0 200 0 00 — 2i 0 0 

1 0 0 0 1 0 1 t 0 0 0 —1 0 I 

1 0 1 0 0 0 1 j 1 0 i 0 0 0 — i 

0 0 2 0 0 0 0 0 2i 0 0 0 

.0 0 0 2 0 oj [o 0 0 2 t 0 0. 

2 0 0 O 0 O' 

0 2 0 0 0 0 

0 0 0 0 0 0 I 

0 0 0 0 0 0 J 

O 0 O 0 2 0 

0 0 0 0 0 2. 

The p’s are made Hermitian by the trivial canonical transformation which 
< onsists of multiplying the third and fourth rows and dividing the third and 
fourth columns by 2* Such a transformation leaves diagonal matrices un¬ 
changed The result is that all the coefficients in g x and p„ are 2* This is 
the result wc obtain by the equivalent process of formation 

Now by comparing the above matrices with those representative of the case 
t n — £ (as given in I) we arc able easily to deduce those for the general value 
of i n (we shall then have to make them Hermitian) The er’s are sufficiently 
obvious In pj. theic are two diagonal sets of terms commencing with the 
third place in the lust row and the third place in the first column In the 
first diagonal the elements aie 2?„, 2»„ 2»„ -- 1, 2i n - I , 1, 1, and m 
the second diagonal the elements are the same but m the reverse order In 
p„ these two sets of terms are multiplied by — i and \-i respectively p, 
consists of the leading diagonal filled with the terms 2?„, 2t n (2i„ — 2), (2t„ — 2), 
— (2t, — 2), — 2i„ — 2i n These arc made Hermitian by multiplying 
the rows m succession by 

1, 1, (21, — 1)*, (2i„-l)*, [(2i n -l)2]*, |(2i,-l)2l* 

and dividing the columns by the same quantities The resulting matrices for 
p„, p, have then the same formation as before with coefficients 

(20*. (2t„)*, [(2i„ - 1) 2]», [(2», - 1) 2]* , [2 (2i n - 1)1*, (20*, (20* 

p, is, of course, unchanged 

In the general problem then there are 4t, + 2 wave functions, and therefore 
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(with certain exceptions, which we shall find) each level splits up into 4» n -f- 2 
separate levels as indicated in I 

If f (<j x , , p,) is any rational algebraic function of the operators a x , , 

and it is found (from the matrices for the <r’s and p’s) that 

/(«-. 

then 

(Z'l')r l+l +«r d + «r (2) 

when 

q — 4i n + 2 

§ 2 The Wave Equations —The general wave equations may be written in 
the form (see I), 



M is the orbital angular momentum vector (M a> M,, M.) where 

M* = yp, — zp y — — ih— 2 ^) = — etc 

We consider the (2s — l)th and (2»)th components of this equation 
The first term on the right hand side of (2) gives terms in the component 
equations which are exactly the same as the corresponding terms in the equations 
for m I with 2s — 1 and 2s written for «, (3 respectively 

We obtain the second set of terras from the results of § 1 The (2s — l)tli 
component is obtained from the (2s — l)th rows of p x , p v p, and the (2s)th 
component from the (2s)th rows It is seen from § 1 that the (2s — l)th rows 
are made up as follows — 

(i) p a has a term {(s — I) (2t„ — s + 2)} 4 in the (2s — 3)th column (when 
2s — 3 j> 1) and {(2t„ — s + 1) «}* m the (2s + l)th column 

(n) p v has terms % {(s — 1) (2t„ — s + 2)} 4 and — »{(2t„ — s + 1) s} 4 in the 
(2s — 3)th and (2s -f 1 )th columns 
(ui) p, has a term (2i„ — 2» + 2) m the (2s — l)th column 

The (2s)th rows are made up as follows — 

(i)' p, has terms {(s — 1) (2i n — s + 2)}* and ((2 i h — s -(- 1) s} 4 m the 
(2s — 2)th and (2s -f- 2)th columns respectively 
(u)' p v has terms * {(s — 1) (2t* — s + 2)} 4 and — t {(2»„ — s -f- 1) s} 4 in the 
(2s — 2)th and (2s + 2)th columns respectively 
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(m)' p has a term (2i„ — 2s 4- 2) in the (2s)th column 
Applying these results to (3), using (2), we can write down the (2s — l)th 
and (2s)th components of the wave equation Thus, for example, using (l) 
(Px+U-i m {(s - 1) (2 i h - s + 2)f + {(2i* - s + 1) s}‘ K+i 

The (2.s — l)th and (2i)th equations (s — 1, 2, , 2*„ + 1) are 

W*»-l = - [(«* ~ lK v) K + *.*»-lJ 

- - * m> ')* («* - »*,> w 

+ {( s ~ 1) (2i„ — s 4 2)}* (*„ 4- ik„) 

+ (2i n - 2s + 2) K,^], (11) 

iw +. - " ♦»-. - «.W 

* 'HM*,-<«,) +>.*i 
+ {('-!) (2<n - s + 2)}* (If, + »* w )iK-.l 
4 (2i ft - 2s 4- 2) K.ijiJ (4 2) 

As m I we now tiy for solutions of the form 

ill, =» 2 a';*,, P„ * „ exp {- 1 (W 0 fW,+ AW S (A, «)) tjh) (5) 

We substitute in (4 1) and (4 2), multiply each equation by P„ * and integrate 
over all space, obtaining 

AWi,_i 4 2 ‘- 1 > = [««**" U — (k 4- it 4- 1) a( fl | X 1 

+ M(2i n - 2s + 2) ua^" 

- {{‘K - * 4- l)s}‘ (t 4- * + 1) 

- {(* - 1) (2i„ - t> + 2)}* (* - u + 1) «<*-’>], (6 1) 

AW„«W = Pj [— ua<*> — (A. — u 4- 1) 

4- p 2 [(2i B -2 S 4-2)no<^ 

- {(2t n - s 4- 1) »}* (k + u + 1) of u + 4 

- {(s - 1) (2t.-« + 2)}*(i-« + 1) (6 2) 

We now write «4-s-l and « 4- «ih place of u m these equations and suppose 
that 


AWju_i (k, u 4- 8 — 1) = AWj, (i, ti 4 ») - A 
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(Bay) In this way we obtain equations in which a’s with the same upper 
suffixes have the same lower suffixes, and we get solutions of the wave equations 
which consist of one finite term, the others being small We shall abbreviate 
by writing a v a 2 , o 3 , etc , for oj^, etc , since there is no longer 

any ambiguity about the lower suffixes The equations (6 1) and (6 2) become 

^ a U-l Pi TO* I s “ 1 ) a 2 «-l ~~ + u +■ s ) a 2 »l 

+ p, L(2t, - is H 2) (II + * - I) «*_! - {(2i, - V M) s}‘ (i + H + 8) a„ +l 

- {(s - 1) (2t, - * 4 2)}* (* - « - s + 2) a*,- 3 ] (7 1) 

Aa 2l - p,[-(u fs)« # -(I-«-H 1)«*-J 

f p, [(2t, - 2s i 2) (« + *) a* - {(it, - « + 1) s}‘ (ft | « + s 4 1) « 2>+2 

- {(, - 1) (it, - « + i)}‘ (/ — m — s | 1) (7 2) 

There sic 2i„ -(- 1 pairs of equations of this type, homogeneous in the 4i„ 4- 2 
constants a, so that we can eliminate the constants, and obtain in equation 
in A of the (4t„ + 2)th degree 

When p 2 = 0 any pair of equations gives the Darwin solution for electron 
spin, viz , 

A = (— A + u + s — l)a'2„_i — (k -f- n + 8)a ' 2(I (8 1) 

A-- - p a (Jt -h 1), «'2,_i = a'u (8 2) 

For p 2 ^ 0 but p a - p t we try first 

A = Pj h ■(- 8 a, -- n,' -(- c, 

whi rc 8, c, are small compared with p x ft and a,’ respectively Substituting 
in (7 1) and (7 2) and subtracting obtain an equation independent of the 
s’s viz , 

{8 - (2t„ - 2s + i) (w -f * - 1) p 2 } « 2 ,-i - {* - (2», - 2s + J) (m + *) 

+ {(2*n “ s 4 1) s} 1 {(£ h tt 4* <>) «2j+l — (k + u 4* 8 4- 1) n^U+i} p 2 


f{(»-l)(2i fl -s + 2))‘{(A-u-s4 2)«fc_,- (ft-u- 4 + 1)« 2 ,+e)P 2 --0 





(9) 

Writing 






__ «2»-l — «2» * 

tun 


k + u 4-6 

(^ — M — s 4 _ 1) 2k 4" 1 * 


and 






8(2^ + l)/p^-C 

(ii) 

equation 

(9) becomes 



-'{(>- 

l)(2t,~s- 

1 -)j l (!-«-» + -) A,_i 



4-{£ — (it, — 2s -| 2)(2«4-^-])}A, 

|- 2 {(it, - s |- ])«}* (k + n 4- s + 1) A, + i = 0, 


(12) 
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where s — 1, 2, 2t„ -f- 1 By eliminating the A’s we obtain a (2i n + 1)- 

rowed determinantal equation m and the a’s obtained are sufficient to 
describe the state of the atom 
In a similar way, by writing 

A - - ^ (A + 1) + 8' a, - aj + «/, 

we obtain the levels into which the nuclear spin doublet level j = k — £ is 
split up by the nuclear spin Using (8 2) we obtain equations corresponding 
to (12) (11), (10) vi/, 

2 {(s - 1) (2t„ - s + 2)}> B._ x + {s - (2i„ 2s 4 2 ) (2m + 2s - 1)} B 

+ 2 {(2?„ - s + 1) (I4" + *) B, + i 0, (13) 

where 

«2<-l = «2, - B, (14) 

*'(2A l-l)/p a (A4-l)-C (10) 

It is seen at once that equation (13) is the same as (12) with (A — 1) written in 
place of k , and so the splitting of the lower one of the two electron spin doublet 
h vels is deducible from the splitting of the level immediately below it 
§ 3 Calculation of the Wave Functions —The algebraic solution of equations 
(12) and (13) for any numerical value of i n would be very irksome when 
is at all large For ? n = 1, 1J we get three and four rowed determinants 
respectively and the work is comparatively simple The levels for the general 
value of k m these two cases have been found, and are given later The case 
of »„ = 4^ has only been dealt with for the value l = 1, le, the P levels 
The work here is fairly easy owing to the fact that there are only six P levels 
(In I it was shown that each electron spin fine structure level splits up into 
2t„ 4-1 or 2j -f 1 levels, whichever is the less ) The occurrence of these six 
levels only is well brought out in the solution of the equations P„ * „, which 
contains as a factor the associated Legendre function P fc u (cos 0), is only 
different from zero when | w| k, and so any aj. r) u is only different from zero 
when |«| <<A Now the P levels are determined by the coefficients a^, 
+ 1, + o) 4) M+ 2> , «i"°2+iu> aQ d so, m any solution u can only 

have values 1, 0, —1, —2, , —11 The maximum number of a’s which 

exist for any of these values of u is six, and bo there exist only a small number 
of A’s or B’s for any u The determinants for £ and XJ are therefore reduced 
considerably Equation (12) for i n — 4£ and k — 1 is 
2 { (a — 1) (11 — s)}* (3 - u - s) A,_ t 4- { C - (11 - 2s) (2m 4 - 2s - 1)} A, 

4- 2{(10-«)s}*(m + s4-2)A , +1 = 0 (* = 1,2, ,10) (16) 
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When u — 1 it is seen that the coefficient of A x in the second equation is 
zero, and on this account we can obtain a solution of the equations in which 
only Aj is different from zero, and referring to (10) this makes only a x different 
from zero, as required by the above considerations The corresponding root 
m £ is given by the equation for s — 1, viz , 

(£-93)Aj = 0 or £ = J7 

In the case of u = 0 we see that the equation for s -- 3 has a zero coefficient 
for A 2 and so we can get a solution in which only A x and A 2 differ from zero, 
and therefore (using (10)) in which only a x a 2 , a 3 diffei from zero In the 
general case u — — t, since the (t + 3)th equation has a zero coefficient for 
A (+z , while the (t — 2)th equation has a zero coefficient for A,_j, vu cun get 
a solution in which all the As are zero except A,_,, A (+1 , A (+2 , again, 

using (10) it is seen that only a 2 ,_ 2 , a#~i’ , a 2 t+a are different from zero 

We get a corresponding four-rowed determinantal equation for £, viz 

£ + 3(13-20, 0 , 0 0 — 0 

6 (< — 1) , £ [- (11 20 - 0 - <> 

0 \t £-(9-20, <* 

0 , 0 , 2(M- 1) , £ - 3(7- 20 

which givts the roots £ — 27, 1, —17, — $3 
For u — — t — 1, 0, — 1, - 9, — 10, — 11 only certain of these loots aie 
relevant These cases may be dealt with separately, as we have done with 
u — 1, 0, or they may be derived quite straightforwardly with the help of 
(10) It is found that for the four roots the respective permissible ranges of 
a are 1 to — 11, 0 to — 10, — 1 to — 9 and - 2 to — 8, respectively 
The four p s / 2 levels arc therefore given by 

A - + S, 3 - 90 2 , 0 2 , - 170 2 /3, - 1102 (17) 

In a similar way, with the help of (13) it is found that the two pj/2 levels are 
given by £' = 9, — 11 or 

A = -0 1 (A + 1) + S', 3'= 602, -2202/3 (18) 

As observed above we may deduce the d 3/i levels from those for p s/2 
For the cases i n — 1, li, there are m general three and four hyperfane 
structure levels respectively These are reduced in the p 1/2 levels to two 
This is clearly given by the non applicability of certain of the algebraic solutions 
obtained for k = l 
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§ 4 Empirical Adjustment — The equations (4 1) and (4 2) need some 
additional terms before they will give the ^-levels correctly It is clear that 
the adjustment will not come from the addition of the spin interaction onergy 
This only results in a shift of the levels The additional terms will be those 
which would ensue from an exact lelativistic treatment of the problem, and 
will be similar to those given m I for »„ — ^ It is not difficult to give equations 
containing these terms, provided we assume that they are of the same form as 
the additional terms required by tin relativists treatment of electron spin 
We have to make solutions which preclude the possibility of transitions in 
which/changes by more than 1 In this way provided we make the extra 
terms of the same special form as m 1, containing two consecutive wave- 
functions we are able'to obtain i unique adjustme nt 1 he corrected equations 
thus obtained aie 



■' i- ns 1 


f {(«- 1) (2«» - < 4- 2)} 1 (K X 4- **„) b (2., ~ 2< + 2) «, efe, 
f (2i n “ 2s -| 2) ir — 2 (s (2i n - s \- l)} 5 u ^ eJi J<+x J (4 2)' 

The procedure is then the same as in I and the roots for L — 0 are found to 
be 

±=V 10 + 2i„p 2 o, P, 0 —2 (i. + 1) p 2 0 



where 
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where /„ * (r) is the part of the wave function depending on r For the first 
root n may have values from zero to — (2»„ + 1) and for the other — 1 to 
— 2i % The additions leave the solutions for k > 0 unchanged 
§ 5 The solutions obtained must be normalised m the usual way, the exten¬ 
sion of (33), I, for this purpose being 

{k + u )» (k — «)' + (af\ l+i 2 + a^ un 2 )(k + w + 1)' (it - u- 1) • 

-I iCi+i *(A4-« + A. + 1 )'(A-«-2t,- 1 ) , = 1 (‘9) 

We also obtain relations similar to (44) 1, for the intensities of transitions 
from a state determined by k, u with coefficients a, to one with coefficients a' 


+ M | a^)(k + « + !)' (X — m — 1)' 

+ + ®4in 1-2 a, <i*+2 +" 11 t - ( » + 1) ' (k — U — 2?„ — 1) '? 



(20 1) 

•h k - 1 \ , ^ . 

-*• ) — 4 < similar expression 

(20 2) 

k ^ — l \ . 

-► j J — similar expression 

(20 3) 


The expressions on the right differ only by their k, u suffixes which arc deter¬ 
mined by the left-hand sides, and are unambiguous The total intensity of 
any line of the hyperfino structure is found by summing these intensities over 
all possible values of u for the k, j, and/ of the line 
The quantum number/has b< on assigned arbitrarily, but it clearly reprtsi nts 
the total angular momentum of the system This can easily be verified in 
any particular case 

§ 6 Results —(i) ^ n — 1 The doublet level j — k -j- \ splits up into three 
levels given bv 

A = M + *. 

8 = 2ifef4 a , — 4*P55/(2>1 -h 1) - Ik {2k + 3)(4 a /(2i -| 1) 

for which / = k + — J respectively, while the level j = k — ^ 

splits up mto three levels, 

A = — Pi (k + 1) + 8', 

8' = 2 (A+l) (2t-l) p,/(2M-l), -4 (i+1) p t /(2*+l). -2(i+l)P, 
f = k + J, k — J, k — }, respectively 
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Foi j — k - 4, A — — fi x (A + 1) |- 8', 

8' - 1 (2k -\)(k + ]) M 21 i t), (2 k - 7) (i + 1) %I(U f 1) 

-(2* 4 7)(*4-l)p 2 /(2* + D - i (l ] 1)[J 2 , 

/ — k — 2, A—1, I, / + 1, respectively 

(i») »„ - li 

For / — I j -= J, A =- p, |- * S = Op,, fi 2 , - 17(3 2 /* - Up,. 

/ - fi 5 1,3 respectively, 

k - 1, /-=$, A — — 2p, -j- S' 6''^(>p 2 -22pj/l 

/— r >, 4, lespcetivdy 

It is seen that the ratios of the enc-igy differences of the four p i/? levels are 
(> 5 4 Which agree with the observations of Hack and Goudsmidt It would 
seem, therefore, that the spin interaction energy is m this case neghgible m 
comparison with the interaction energy of the nuclear spin and the orbital 
momentum It is hoped to investigate this point further howcvei 
The intensity ratios of the lines of the multiplots P ->S foi i„ - 1 arc given 
in fig 1 and for i n — 1$, 4J in lig 2 It is seen that the sum intensities of 
p3 ji ' and pi i 2 si a beai the ratio 2 1, forming a useful cluck on the 
work 
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The Effect of Water Vapour on Diffusion Coefficients and 
Mobilities of Ions in Air 

By Prof J .T Noi a\ and T E Nkvtn, University Folk g<, Dublin 
(Communicated by A W Conway, FRS - Received J inuarv 16 1930 ) 


lutiodw'tioii 

Determinations of the coeihciint of diffusion of positive and negative ions 
were first made bv Townsend Measurements have sime been carried out 
by Franck and Westphal and Salles using Townsend’s m< thod The results 
for air are given m Table 1 

Table T 


Gas 


1) + 


U I Ionising agent , Olneivcr* 


0 028 
0 020 
0 032 
0 032 
0 032 
0 030 


0 043 


0 045 



i Radioactive substance 
\ rays 

, Radioactive alibutann 


. lowiiscnd 
k1 am k and Westphal 
li.wns.nd 
Salles 


3 ow ns. nil 


* Townsend, * Phil Trans A, vol 1U3, p 120(1890) and vol 1«15 p 250(1900) Eranckand 
Westphal Verb I) Plijs Oes vol 11 pp 140 270(1900) Salles, Ami Physique,’ vol 2 
p 271 (1914) 


In spiti of the elaborate apparatus used by tin later obseivus then results 
are little if at all more aceuiate than those of Townsend 

The mobility, K, and the coefficient of diffusion, D, are connected by the 
lelation K/D — Ne/P, where N is the number of molecules per cm J at press urt 
P and tht tempeiatim of the gas, and c is the charge oil the ion It has bet n 
shown by Millikan and his t ollaboratorsf that the charge is one electron, 
so that the above results may be used to calculate the mobility The value 
obtained for negative ions m dry air is 1 77 cm per second per volt per 
centimetre, which, though in approximate agreement with that obtained by 
ZelenyJ and others, differs considerably from the latest result, 2 l r > of 
Tyndall and Gnndley§ 

The present work was undertaken to examine the effect of water vapour 

f ‘ Phil Mag,’vol 21, p 753(1011) and Rhys Rev ,’ vol 13 p 157 (1920) 

% ‘ Phil Trans ,’ 4, vol 195, p 193 (1900) 

§ ‘ Roy Soc Proc ,’ A, vol 110, p 342 (1926) 
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on the diffusion coefficient, on parallel hues to Tyndall and Grindley’s work on 
the mobility, and to test the relation between the mobihty and the diffusion 
coefficient above mentioned It was hoped also with the unproved methods 
of measurement now available to increase the accuracy of the observations 

Detail* of Apparatus 

In his first paper (lac cit ) Townsend gave the theory of the diffusion of ions 
from a stream of gas to the wall of a cylindrical tube through which it is passing 
Those of one sign which emerge are driven by a suitably directed field to a 
collecting electrode If the ratio of the cunents to the electrodes after the 
gas has passed through tubes of lengths ; x and z t , respectively is cjc 2 then 

< A = 0 1952 e\p (— 7 UinDzJZQ) + 0 0241 exp ( - 44 %ttDz 1 /2Q) 
c a 0 1%2 exp (- 7 initDz a /2Q) + 0 0243 exp (- 44 56irDz a /2Q) ’ 

where D is the diffusion coefficient of ions of the sign collected and Q is the 
\olume of gas passing tluough the tubes in unit time From the graph 

0 1952 exp (- f)+0 0241 exp (— 44 lfa.r/7 313) 

V ~ 0 1952 exp (-xzjzj + 0 0243 exp (- 44 56rz 2 /7 H3z,) 

where y = t,,t a and x — 7 MdnDz l /2Q, the \alue of x corresponding to the 
experimentally determined value of y can be obtained and D calculated 
To get sufficiently large electrometer readings, Townsend found it necessary 
to use two sets of 21 tubes, 4 cm and 0 5 cm long respectively The tubes in 
each set were arranged on the circumference of a circle 2 cm in diameter so 
that the ionised gas on entering the tubes divided into 24 equal streams 
The bore of the tubes was 1 mm In the present work it has been found possible 
to reduce the number of tubes m each set to one, while a simple method of 
producing a circulation of air in a closed system has made it a c omparatively 
simple process to bring the gas to any desired humidity 

The method of producing the circulation is shown mfig 1 The bottle of 
mercury P is connected to a 500 cm 3 graduated cylinder Q by a length of 
pressure tubing The cylinder is closed by a rubber stopper through which 
pass two tubes S and T and a short piece of thick walled capillary tubing to 
which the pressure tubing is attached This capillary in conjunction with a 
screw chp on the tubing controls the rate at which the mercury flows from P 
to Q , a second clip can be used to cut off the flow completely At the end of a 
reading the mercury is returned to P by placing it below the level of Q and 
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inverting the latter The tube S extends above the level of the mercury m 
the inverted cylinder m order to prevent it entering the apparatus 



Jua 1 


The diffusion apparatus is shown in fig 2 It consists of three brass tubes, 
A and B, each 15 cm long, and C, CO cm long, 1 6 cm diameter, which slide 
for a distance 5 cm into the brass junction T The diffusion tubes are of 
steel with a bore of l mm , circular to 0 5 per cent The longer tube, 4 cm 
long, is mounted in an axial hole in a brass cylinder K 1; 4 cm long and the 
shorter, 1 cm long, in a cylinder K 2 , 1 cm long The cylinders screw into 
brass rings 1 cm long soldered m position in A with their centres 2 5 cm and 
1 cm from the ends respectively The joints between the cylinders and the 
rings are made gas-tight by vacuum grease smeared on the threads of the 
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screw The electrode E x hes m the axis of the tube symmetrically between the 
diffusion tubes It is supported by a rod Mi insulated by a grooved ebonite 



plug Q t provided with the usual guard ring arrangement The plug is pro¬ 
tected from light and dust and screened from electrostatic disturbances by a 
short tube H x sliding into an extension on the guard ring G x The tube B 
oontams two diffusion tubes mounted m a similar manner to those in A A 
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and B are mounted in T so that the ionised gas can bo made to pass through 
the longer diffusion tube in A or the shorter in B by turning the three-way 
tap U, hg 1 

The tube 0 is packed with cotton wool to remove nuclei and large ions pro 
duced by the splashing of the mercuiy when it enters the graduated cylinder 
The source of ionisation S ib a deposit of polonium on bismuth mounted on a 
brass plug P winch slides into the fourth limb of T It is covered by a brass 
disc R through a hole in which an approximately paiallel beam of a rays 
emerges This ensuns that all the ions reaching the diffusion tubes have 
approximately the same age In order to prevent contamination of the 
apparatus by volatilisation of the polonium tin source is covered with a him 
obtained by (vaporatmg a 1 pei cent solution of collodion 

The apparatus is raised to a potential of ± 80 volts and the currents are 
measured by a Lmdcmarm electrometer used at sensitivities of 75-120 divisions 
per \olt 

Humidity Contiol and Measuiunent 

In the beginning sulphuric acid solutions of known stungths wcie employed 
to obtain an of definite humidity, the strength of the acid being obtained 
fiom tin density and the vapour pressuic from tables * A thermal hygrometer 
of the pattern devised by Tyndall and Chattock was used as an independent 
method of measuring the vapour pressuie The sulphuric icid solution was 
run from one aspiratoi bottle to a second, the air in the latter being drawn 
through the apparatus into thi first The acid was then passed back into the 
first bottle After this had lieen repeated a few times it was assumed that 
the air in the apparatus was m »quilibriuni with the acid The arrangement 
proved unsatisfactoiy On altering the strength of the acid the humidity 
did‘not change appreciably and the vapour pressure calculated from the 
strength of the solution did not agree with the value given by the hygrometer 
It was found that the vapour pressure in the apparatus was really controlled 
by the moisture m the cotton wool filter The substitution of glass wool 
effected only a slight improvement 

The method was abandoned, and, as some doubt was felt about the accuracy 
of the thermal hygrometer, a dew point instrument enclosed m a glass bulb 
was substituted The cotton wool filter was then found to give a very con¬ 
venient method of varying the humidity During the tune required for a set 
of observations the vapour pressure remained constant to 0 1 mm From 
day to day, however, as the temperature of the surroundings varied, the 
* Wilson, ‘ J Ind Bug Chem ,’vol 13 , p 328 ( 1921 ) 
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vapour pressure, after passing a current of air through the apparatus to bring 
the enclosed air into equilibrium with the cotton wool, varied within limits of 
1 mm each way about a mean Varying the vapour pressure in this manner, 
the change in the diffusion coefficient for small changes in the vapour pressure 
could be examined By passing a current of air through the apparatus and 
warming the filter the amount of water in the cotton wool could be decreased 
enabling readings to be taken over a new range of vapour pressures 

Even after prolonged heating of the filter in a curtent of dry air the pressure 
of water vapour m the apparatus was still 1 5 mm A wide glass tube about 
150 cm long was connected in a horizontal position betwei n the filter and the 
diffusion apparatus It contained a layer of sulphuric acid along the bottom 
4fter passing a current of air over the surfau of the acid for some hours the 
vapour pressure was still 1 2 mm As it was thought that the diffusion of 
water vapour through the rubber tubing used to connect the bottle of morcury 
1* to the hygrometer might be responsible for the lack of drying, a second tube 
of acid was interposed between the hygrometer and the bottle This proved 
completely successful, with a suitable solution of acid m the tubes there was 
no sign of condensation on the Bilver thimble at —26° which was the lowest 
t< mperature that could be reached In view of this experience the dryness of 
a gas which has been m contact with rubber tubing after drying is open ti> 
suspicion 

The range of vapour pressures 0 1 mm to 1 2 ram was covered bj means of 
sulphuric acid solutions, the vapour pressure being calculated The dew 
point hygrometer was not used below —14° C on account of the difficulty 
of judging the first sign of deposition of dew Some readings at vapour 
pressures above 1 2 mm were also obtained with Bulphuric acid solutions, thi 
observed and calculated vapour pressures generally agreeing to within 0 1 mm 

Experimental Procedure 

On account of the limited volume of mercury in P, not more than 300 cm 3 
of air could be passed through the diffusion tubes without interrupting the 
flow to return the mercury from Q to P Because of the fall m level of the 
mercury m P the rate of flow was different at the beginning and end of a 
reading A special procedure in taking observations was therefore necessary 
The three-way tap was turned so that the gas stream passed through either A 
or B, the electrometer being connected to the corresponding electrode When 
the volume of mercury in Q was about 135 cm 3 the electrometer was unearthed 
As the needle passed over a division of the eyepiece scale ohosen so that the 
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volume was about 160 cm 8 a stop-watch was started and stopped again when 
the volume was about 260 cm 3 and the needle again passing over a division A 
second observer measured the exact timo taken for the 100 cm 3 of mercury 
to flow into Q In this way the electrometer readings could be accurately 
taken and the average value of Q was always the same The electrometer 
scale was carefully calibrated before or after each set of observations 

Corrections 

(a) Allowance for any difference m the density of ionisation at the entrances 
to the two diffusion tubes when the gas was passing through, or for any 
difference in the capacities of A and B was made as follows —The apparatus 
was set up so that the ionised gas could pass through either of the short tubes 
K a or K 4 , hg 2, and the currents to the electrodes wete measured The ratio 
of the currents C A /C B was found to be 0 990 Before cab ulating y the readings 
at B were multiplied by this factor 

(b) The head under which the mercury runs into the graduated cylinder 
changes about 2 per cent from beginning to end of the time in which an 
electrometx r observation is being taken A correction to Townsend’s formula 
must be applied to allow for this variation Tf the rate of flow at the begmmng 
of an observation extending over T seconds be Q lt and at the end Q 2 , then 

Q = Q 1 _(Q 1 _Q 2 )</T 

The number of ions entering the tube of length z t being n per second and the 
number leaving in the same time being n t Townsend has shown that 
»4 = in {0 1952 exp (-7 313irDz x /2Q) + 0 0243 exp (-44 SfmDz^Q) + } 

The number leaving in T seconds is 
Nj = 4n 10 1952 £ exp (-7 3137tD Zl /2Q) dt 

+ 0 0243 £ exp (-44 56 tcDz,/2Q) <*J 

If the ohange in Q is small, an approximate value of the integral suffices and we 
get 

N t = 4»T [0 1952 exp (- 7 313 ttDz,/ 2Q) {1-7 313^ (Q x - Q i )/4Q 1 *} 

+ 0 0243 exp (— 44 567rDz 1 /2Q)], 

and finally 

0 1952 exp (— * (1 — x (Q x — Q a )/2Q X )} 

Nj _ _ +0 0243 exp (- 44 56s/7 313) 

V N 2 0 1962 exp (- az*/z x {1 - xzjz t (Q x - Q l )/2Q X )} 

+ 0 0243 exp (-44 56^z a /7 313z x ) 


von oxxvii —a 
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Putting (Q t — Q # )/2Q X equal to o we get approximately 
y{l + ax (1 — z 2 f Zl )} 

= 0 1952 exp (— s-f-0 0243) exp (-44 56 a/7 313) 

0 1952 exp (— xzjzi + 0 0243) exp (— 44 56a; *,/7 313^) 

From Townsend’s graph an approximate value of x can be obtained and the 
factor 1 + ax (1 — z 2 lz x ) calculated so ?/{l + ar(l — z 2 lz x )} gives a more 
exact value of x which may be used to calculate D 
By finding the time taken by the mercury to rise from 125 em 8 to 175 cm J 
and from 225 cm 8 to 275 cm 8 approximate values of Q x and Q 2 are obtained 
The correction is about 2 per cent 

(c) The effects of recombination in the fine tubes and of self-repulsion of the 
ions due to the inequality of D + and D_ have been discussed by Townsend * 
He has shown that they can bo made negligible by using fine bore tubmg and a 
low density of ionisation The corrections have been neglected in the present 
work, the former being about 0 4 per cent and the latter about 0 06 per cent 

(d) The values have been reduced to 15° and 76 cm pressure on the assump¬ 
tion that the diffusion coefficient is proportional to the absolute temperature 
and inversely proportional to the pressure 

Results 

The results for ions of both signs have been plotted against the vapour 
pressure in fig 3 The corresponding mobilities calculated from the formula 
K/D = 40 3 can bo read off by means of the scale attached to tho right hand 
side of the figure The probable error in the individual determinations is 
1-3 per cent, the smaller accuracy being associated with the high values for 
negative and low values for positive ions The error m the vapour pressures 
above 1 2 mm lies between 1 and 2 per cent For the vapour pressures 
below this value which have been calculated from the strength of sulphuric 
acid solutions it ib unknown, but in view of the precautions taken to ensure 
equilibrium between the solution and the air in the apparatus it is probably 
small The value of Q lay between 2 4 and 2 7 cm 8 per second and the age 
of the ions was therefore about 0 2 second The air was ordinary room air 
which, after bubbling through concentrated sulphuric acid, was filtered through 
glass wool before entering the apparatus The character of the results was 
not affected by changing the cotton wool filter or replaomg it by glass wool 
The Sanation of the diffusion coefficient is of a totally different character 


* Loc cti (1900) 
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to what might have been expected from Tyndall and Grmdley’s mobility- 
observations The fluctuations which occur are far outside the limits of 



experimental error The mobility appears to oscillate between certain stable 
values At certain parts of the curve the change from a high to a low value or 
conversely takes place gradually, but at other parts the transition takes place 
for such a small alteration in the vapour pressure that it appears to be nearly 
discontinuous 

With regard to the question of how far the results at any particular vapour 
pressure can be repeated, it may be pointed out that on the ascending and 
descending parts of the curve the variation is rapid, and it is difficult to repro¬ 
duce exactly the same conditions As far as this can be done the results are 
repeatable At the maxima and minima of the curve where the variation is 
less rapid it is easier to repeat the results Two typical examples of the agree¬ 
ment are given in Table II 

The air was dried by replacing the tubes of sulphuric acid by tubes contain¬ 
ing a layer of phosphorus pentoxide over which the air passed The results 
quoted represent six completely independent sets of observations Other 
examples of the agreement might be quoted but the above are typical In 
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Table II 


Vapour pressure 

Date 

D + 

D_ 

Dry air 

March 24, 1929 

_ 

0 0436 


March 2fi, 1929 

0 0279 

0 0449 


March 27 1929 

0 0276 

0 0443 

11 1 mm 

Ootober 19, 1928 

0 0330 

0 0364 


October 22, 1928 

0 0343 

0 0342 


Ootober 23, 1928 

0 0340 

0 0372 


particular the very low value of 0 0185 obtained for positive ions at a vapour 
pressure of 2 75 mm could be repeated within 3 per cent after an interval 
of several months The results plotted were not obtained by a progressive 
alteration of the vapour pressure in any one direction but were taken more or 
less at random along the curve Furthermore the result of every set of 
observations, with the exception of four obtained when using the cotton wool 
as a humidity control, has been plotted A considerable change of humidity 
occurred while these four sets of observations were being taken and they have 
therefore been discarded Taking everything into account there can hardly 
be any doubt that the phenomenon is genuine 

It was decided to see whether under suitable conditions the mobility would 
vary in a manner similar to the diffusion coefficient In view of the probable 
presence of groups of ions having different mobilities it is to be noted that the 
mobility values deduced from the diffusion coefficient are mean mobilities 
and not the mobility of a predominant group of ions, so it is the mean 
mobility which is of importance for the present purpose The experiments 
are described m the following section 

Measurement of Mobility 

The slope, »/V, of the initial straight part of the ourve connecting the current 
and voltage in a uniformly ionised gas is proportional to (K + -f K_)/a 1/s 
where a is the recombination coefficient between ions of opposite sign and K + 
and K_ the mobilities of positive and negative ions respectively Measure¬ 
ments of this slope should give a rapid and simple qualitative verification of 
the results above 

The air between two parallel plates 2 0 cm apart was ionised by a-rays from 
a polonium source attached to one of them The apparatus was mounted 
on an iron plate through which the leads emerged and covered by a bell jar 
The air m the enclosed space was brought to a definite humidity by dishes of 
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sulphuric acid The relation between current and voltage was linear with 
voltages up to 4 between the plates The slope, */V, and the sum of the 
mobilities of positive and negative ions obtained by adding the ordinates of 
the curve in fig 3 are exhibited as functions of the vapour pressure m fig 4, 



Fig 4 —A, Variation of slope, »/V, of ourrent-voltage curve between two parallel plates 
B, Variation of sum of mobilities obtained by adding ordinates of fig 3 C, Variation 
of recombination ooeffioient obtained by dividing the square of the ordinates of the 
dotted curve B by the square of the ordinates of the dotted curve A 


curves A and B respectively The agreement in the positions of the maxima 
and minima of both curves is very satisfactory It is probable that the 
quantitative agreement between the curves would have been improved if 
more points had been taken on A, but the curve is sufficient to show that the 
type of variation previously found for the diffusion coefficient exists also for 
the mobility In any case as the reoombination coefficient probably depends 
on the vapour pressure, and as there are differences in the experimental con¬ 
ditions in the two cases whioh will be pointed out later, we cannot expect 
exaot quantitative agreement between the two curves The results have only 
been plotted up to a vapour pressure of 9 5 mm but observations have been 
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made up to 16 mm They show that the oscillations persist up to this vapour 
pressure 

Rutherford-Francl Alternating Field Method *— In view of this confirmation 
of the results of the diffusion coefficient measurements it was judged advisable 
to carry out observations using the alternating field method to examine the 
discrepancy between these results and those of Tyndall and Gnndley The 
apparatus was of the type described by Nolan j - The ions were caught by a 
brass plate 8 cm diameter surrounded by a guard ring 13 cm diameter A 
sheet of gauze 8 cm diameter was attached to a brass ring of the same dimen¬ 
sions as the guard ring Care was taken to ensure that the gauze was flat 
and its lower surface flush with the ring The ring was kept at a distance of 
2 65 cm above the guard ring by three ebonite pillars The source of ionisa¬ 
tion was a deposit of polonium on bismuth which rested on the upper surface 
of the gauze At a distance of 5 cm above the gauze was a parallel plate and 
between it and the gauze a potential difference of 40 volts was maintained 
The alternating field was obtained from the secondary of a transformer one 
terminal of which was connected to the gauze, and the other through a battery 
of 80 volts to the guard ring and to earth This battery was connected so that 
the ions not caught by the plate in the advancing phase were driven back to 
the gauze when the field was reversed The apparatus was enclosed in a 
brass box which could be made airtight and the humidity was varied by 
dishes of sulphuric acid solution placed on the bottom of the box The 
alternating voltage was increased m steps of 20 volts for the negative and 40 
volts for the positive between each electrometer reading The observations 
were plotted and a smooth curve drawn through the points The intersection 
of this curve with the voltage axis was taken as the critical voltage No 
attempt was made to examine the curve for groups of lonsj and the mobility 
deduced must be considered a mean value 

The results corrected for the effect of the bias on the critical voltage and 
reduced to 16° and 76 cm pressure are shown in fig 6 The results for negative 
ions confirm the observations of Tyndall and Gnndley on the variation of the 
negative mobility with vapour pressure, the general agreement being very 
satisfactory The mobility m air dried for 3 days in contact with phosphorus 
pentoxide m a sealed vessel is 2 26 cm per second per volt per centimetre, 

* Rutherford, ‘ Proo Camb Phil Soc vol 9, p 401 (1898), Franok, ‘ Ann Physik 
vol 21, p 972 (1906) 

t Nolan, ‘ Phya Rev ,’ vol 44, p 16 (1924) 

l Nolan, 4 Proo R Iriah Acad vol. 36, p 38 (1920), and vol 36, p 74 (1923), Nolan 
and Harris tbid , vol 36, p 31 (1922) 
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which is higher than the result, 2 16, they obtained in air dned to the maximum 
extent their apparatus permitted The results m moist air are slightly lower 



Fio 6 


than theirs, but the difference is within the limits of experimental error m the 
determination of the constants involved in calculating the mobility The 
mean value of the positive mobility above 0 8 mm is 1 )6 which is higher 
than the result 1 22 obtained by Tyndall, Starr and Powell,* though it is m 
agreement with the value generally accepted The results confirm their 
observation that over a wide range water vapour has no effect on the positive 
mobility Below a vapour pressure of 0 8 mm the positive mobility rises 
rapidly its value m dry air being 1 66 This high value cannot be due to the 
fact that the initial ions have only partly been transformed into final ions since 
the rate of transformation is more rapid m dry than in moist air and the ions 
in moist air are apparently fully aged Values of this order have repeatedly 
been obtained in this laboratory in dry air by the alternating field method 
The age of the ions m these experiments lay between 0 1 and 0 2 Becond 
That the measurements of the diffusion coefficient are correct seems hardly 
open to question since results of the same character have been obtained by a 
widely different method The difference between these results and those 
obtained by Tyndall and Gnndley’s and the alternating field method cannot 
be attributed to ageing effects of the type hitherto known, as the ages are of the 
same order, 0 2 second, in all cases The only point of similarity m the 
* * Roy Soo Proc ,’ A, vol 121, p 172 (1928) 
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current-voltage and diffusion experiments is that the field in which the 
measurements are made is very small m both cases It is zero m the 
diffusion apparatus as the voltage applied serves only to collect the ions 
which have not diffused to the walls of the fine tubes, and in the mobility 
estimations by the current-voltage method its greatest value is 1 6 
volt per centimetre In most mobility measurements the fields used have 
been of the order 100-200 volt per centimetre or even higher It therefore 
seemed possible that the effect of water vapour on the ordinary small ion might 
be very different from its effect in fields of the order generally used Accord¬ 
ingly attempts were made to measure mobilities m fields of different strengths, 
using the method of surface ionisation due to Rutherford and Child 
Rutherford-Child Method *—If the ionisation between two parallel plates 
d cm apart is confined to the surface of one of them the current density is 
given by 


where E is the field between the plates and k the mobility of the ions which 
are driven across the space by the field 

The apparatus is shown in fig 6 An a-iay source consisting of a deposit 



Fig 6 


* Rutherford,' Phil Mag ,’ vol 2, p 210 (1001), Child, ‘ Phya Rev vol 12, pp 63. 
186 (1901) * 
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of polonium on a bismuth disc 6 om diameter is mounted on a brass plate A 
at a distance of 3 5 cm from a sheet of fine gauze which is stretched across an 
opening 6 cm wide m a brass ring B The a-rays produce a layer of ionisation 
in which the intensity falls to zero at a distance of 4 mm above the gauze 
An electrode E, 2 5 cm diameter, surrounded by a guard ring C from which 
it is separated by a gap 0 4 mm wide, is mounted parallel to B at a distance of 
4 cm The three plates are mounted on three screwed brass rods attached to 
a heavy brass base A and B are connected together and insulated from the 
supports by ebonite washers The electrode is adjusted to he in the plane of 
the guard ring It is supported by a rod passing through the base from which 
it is insulated by an ebomte plug The apparatus was onclosul in a copper 
box which could be made air-tight and the humidity was varied by sulphuric 
acid solutions placed in a dish on the bottom The capacity of the apparatus 
and the Lmdemann electrometer to which it was connected was 15 8 cm 
The current was measured with voltages up to 4 applied between B and C, 
so that the highest field was 1 volt per 
centimetre The curve connecting t 
and E 2 was a straight line through the 
origin Some of tho results for the 
mobilities of positive and negative ions 
are shown in fig 7 The three maxima 
occur at the same vapour pressures 
as the first three maxima for the 
diffusion coefficient and the results 
therefore confirm the existence of the 
periodic variation of the mobility with 
the vapour pressure in low fields 
The time taken by the ions to cross 
from B to C depends on the voltage, 
the minimum age which corresponds 
to the highest field used being 3 seconds 
Experiments were also made with a 
distance of 3 2 cm between source and 
gauze and 2 cm between B and C As 
had decreased somewhat it was necessary to use a thick layer of ionisation 
to get the linear relation between » and E s to hold up to sufficiently high field 
strengths On account of the thickness of the layer it was not possible to 
obtain absolute values of the mobility The highest voltage used was 4, the 
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corresponding value of the field being 2 volts per centimetre On plotting 
the relation between t and E 2 the current readings for values of E 2 between 0 
and 2, t e , for fields between 0 and 1 4 volts per centimetre were much larger 
than would be expected and fluctuated considerably with the vapour pressure 
The large values of the current were attributed to the diffusion of ions to the 
electrode on account of the larger density of ionisation and the reduced distance 
between the plates The points for values of E* between 2 and 4, i e , for fields 
between 1 4 and 2 volts per centimetre lay on a straight line which did not 
pass through the origin This lmear relation between t and E 2 broke down 
when voltages higher than 4 were apphed Probably if a stronger source of 
ionisation had been available the relation would have held over a wider range 
The slope of the straight part of the curve was taken as a measure of the 
mobility The results are shown m fig 8 The oscillations have almost 



completely disappeared, the points for ions of both signs lying on smooth curves 
It appears therefore that in fields up to about 1 volt per centimetre the 
mobility vanes penodically with the vapour pressure, but that when the field 
is increased to 1 4 volts per centimetre the penodic vanation disappears and 
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in higher fields the mobility vanes m the manner observed by Tyndall and 
Gnndley 

Discussion 

The vanation of the negative mobility m air with the humidity has been 
examined by Tyndall and Gnndley, Enkson, Griffiths and Awbery and Zeleny * 
They are all agreed that the negative mobility gradually decreases as the water 
vapour content is increased Tyndall, Starr and Powell (loc cit) found that 
water vapour had no effect on the mobility of the positive ion, while Zeleny 
found that it produced a slight increase in mobility The agreement between 
Tyndall, Starr and Powell’s results and those obtained by the alternating field 
method has already been discussed 

It is difficult to compare the diffusion measurements with those of other 
workers Townscndf and Franck and Westphal (loc cit) believed that there 
was a real difference between the diffusion coefficients of positive ions produced 
by X-rays and those produced by «- and (5-rays They attributed the difference 
to the production of doubly charged ions by X rays On the other hand, 
Millikan and his co-woikcrs, using the oil drop method, were unable to find 
any evidence of the production in air of positive ions with double charges by 
X-rays, while Salles, using a method of measuring k[D devised by Langcvin, 
found that the positive ions produced by Y* ra y s > which presumably should 
have the same effect as X-rays, were singly charged If we compare the 
results given in Table II, which have been obtained in the present work, for 
ions produced by a-rays with those given in Table I for ions produced by X-rays 
the agreement is fairly satisfactory In dry air the values obtained m the 
present work are D + = 0 0277 and D_ = 0 0439, while Townsend’B values are 
D + = 0 028 and D_ = 0 043 In moist air the values are D + = 0 0348, 
D_ = 0 0373 and D + == 0 032 and D_ = 0 035 respectively Bearing m 
mind the vagueness of the terms “ dry ” and “ moist ” the results are sufficient 
to show that under certain conditions the diffusion coefficients of positive ions 
produced by a-raya and X-rays are identical The differences m Townsend’s 
and Franck and Westphal’s work are probably due to differences m the state 
of drying and the purity of the gas The experiments of the latter workers 
m which they believed they produced a separation of positive ions bearing 
double charges by allowing the ionised gas to pass through sheets of wire 

* Tyndall and Gnndley, loc ett , Enkson, • Phy* Rev ,’ vol 30, p 791 (1928), Gnffiths 
and Awbery, ‘ Proc Phys Soc,’ vol 41, p 240 (1929), Zeleny, ‘ Phys Rev,’ vol 34, 
p 310 (1929) 

f ‘ Roy Soc Proc,’ A, vol 80, p 207 (1908), and vol 81, p 404 (1908) 
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gauze before the diffusion coefficient was measured, may be explained on the 
assumption that they were dealing with a mixture of ions of different mobilities. 
The lighter ions would naturally diffuse to the gauze m larger numbers than the 
heavier resulting in a low value for the diffusion coefficient of the ions which 
passed through 

Likewise, the rapid changes in the value of the diffusion coefficient with 
small changes m the humidity cannot be ascribed to the presence of doubly 
charged ions at certain vapour pressures as precisely similar changes in the 
mobility have been observed under certain conditions It has already been 
suggested that the ordinary small ion may possess very different properties 
m weak fields to those it possesses in the higher fields ordinarily used in 
mobihty measurements This hypothesis seems to be confirmed by the results 
obtained by the Rutherford-Child method In view of the fact that the 
measuring fields used by other workers vary from 1400 volts per centimetre in 
Enkson’s work down to about 3 volts per centimetre in Zeleny’s, while the 
periodic variation disappears at about 1 1 volts per centimetre, it is not sur¬ 
prising that previous workers have not observed this effect 

Companng the results obtained at the lower values of the field at an age of 
about 2 5 second with the results obtained by the diffusion method at an age 
of 0 2 second, it is clear that in the former case the oscillations are more 
highly developed The values for the negative mobihty vary between 1 5 
and 0 8 cm per second per volt per centimetre, and for the positive between 
1 2 and 0 6 The corresponding variations in the values deduced from the 
diffusion measurements are from 2 to 1 5 cm per second per volt per centi¬ 
metre and from 1 4 to 0 9 Apart from the absolute values, if the results 
for the Rutherford-Child apparatus for positive and negative ions are plotted 
from the same origin the curves overlap considerably, so there can be no doubt 
that the negative mobility is lowered by increasing the age This raises the 
question whether the phenomenon is completely developed at the shorter 
age used in the diffusion measurements An answer to this would necessitate 
measurements of the diffusion coefficient at a greater age The apparatus in 
its present form is not suited for this work 

The humidity has been varied by changing the moisture content of cotton 
wool and also by means of sulphuric acid solutions so that the phenomenon 
is independent of the precise method of humidity control As a result of 
plottmg the diffusion coefficient against the relative humidity it has been 
established that there is no relation between these two quantities In fact 
the oscillations seem to be independent of the form of the apparatus and of 
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all experimental conditions except the held and possibly the age of the 
ions 

The mobility corresponding to the peaks of the negative curve is of the order 
2 cm per second per volt per centimetre and if a straight line be drawn through 
the peak values its slope is roughly the same as that of Tyndall and Grmdley’s 
curve Sinularly the mobility corresponding to the peaks of the positive curve 
is about 1 3 These facts seem to mean that we are dealing with ordinary 
positive and negative ions at the maxima of the curves The minima must 
then be due to the formation of a loose outer cluster of water-molecules round 
the ion At vapour pressures corresponding to the maxima this cluster must 
become unstable and break up The reason for the successive growth and 
shedding of this cluster is not clear, but the presence of some such process 
seems to be the logical inference to be drawn from the presence of the maxima 
and minima Tho electric field must either provent the formation of the loose 
cluster or make it unstable at all vapour pressures, though here again the 
mechanism of the action is not plain 

From the relation already given for the slope of the initial part of the current- 
voltage curve between two parallel plates in an ionised gas we find that the 
recombination coefficient is proportional to (£,. -(- &_)*/(i/V) 2 The variation 
of the sum of the mobdities and the slope t/V of this curve have already been 
discussed In view of the significance we have attached to the peaks, dotted 
curves have been drawn through the maxima of the two curves A and B, fag 3 
These dotted curves show the variation of k+ + and t/V respectively in 
an electric field of a strength sufficient to destroy the oscillations The ratio 
of the square of the ordinates of B to the square of the ordinates of A, which 
we have seen is proportional to the recombination coefficient, is shown in 0 
In the absence of an electric field we shall have a series of oscillations 
superposed on this The curve shows that the recombination coefficient h&s a 
maximum value, about four times its value in dry air, at a vapour pressure 
of 4 mm The existence of this maximum is supported by the fact that the 
currents in the diffusion apparatus are considerably smaller between 3 and 5 mm , 
than at higher and lower vapour pressures Since recombination must play 
a large part in reduemg the density of ionisation in the space between A and B, 
fig 2, this observation supports the idea that there is a maximum value of 
the recombination coefficient about 4 mm pressure When a more accurate 
investigation of the recombination coefficient is made it may be found that the 
variation shown by Curve C, fig 4, is not quantitatively accurate , but that a 
considerable variation exists there can be no doubt 
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Application to Atmospheric Electricity 

The potential gradient in the atmosphere near the ground is, in many places, 
of the order 1 volt per centimetre Considerable variations m atmospheric 
conductivity may therefore be expected to occur in such places owing to the 
changes of ionic mobility with small changes in humidity As the atmosphere 
is probably not very homogeneous from the point of view of water vapour 
content, it is possible that abrupt changes of conductivity may occur in space 
as well as in time Even in places where the potential gradient exceeds the 
critical value, the ionic content of the air, in so far as it is controlled by 
recombination between small ionB, will vary considerably with variation in 
humidity 

Summary 

The variation of the diffusion coefficient of ions m air with the water vapour 
content has been examined by Townsend’s method 

The diffusion coefficient of ions of both signs exhibits a periodic variation 
with the vapour pressure 

This result has been confirmed by determinations of the variation of the 
sum of the mobilities of positive and negative ions, derived from conductivity 
observations in weak fields 

Further confirmation has been obtained by determination of the positive and 
negative mobilities separately, in weak fields, by the Rutherford-Child method 
By the same method, it has been shown that an increase in the field-strength 
from 1 to 1 4 volts per centimetre causes the periodic variation to disappear 

The Rutherford-Franck alternating-field method gives results in agreement 
with those of other observers 

Apart from periodic variations, it has been shown that the lomc recombma- 
tioil coefficient varies considerably with humidity The maximum value is 
at about 4 mm vapour pressure 

One of us (TEN) is indebted to the Ministry of Education, Irish Free 
State, for a research grant 



Measurements on the Ranges of x-Particles 
By G I Harper and E Salaman, Newnliam College, Cambridge 
(Communicated by Sir Ernest Rutherford, 1* R S —Received January 21, 1930 ) 
Introduction 

Measurements of the stopping power of a gas relative to air, which will be 
defined as the ratio of the range of an a-particle in air to the range m the gas, 
have been made by T S Taylor and van der Merwc,* the former using a 
scintillation method for a-particles from radium C' and polonium, the latter 
a Wilson chamber method for polonium only These two methods did 
not give accurate results, owing, m both cases, to the difficulty in deter- 
mimng the range to a high degree of precision Experiments have recently 
been earned out by Johot and Onodaf to obtain an accurate Bragg curve 
for the a-particles from polonium in hydrogen, and by OnodaJ in oxygen 
Estimating the extrapolated range as defined by Henderson,§ they have then 
calculated the stopping powers of these gases using the value of the range in 
air given by 1 Cune || 

In the experiments to be desenbed, the extrapolated ranges have been 
measured for a-particles from radium C', thorium 0, thorium C' and polonium 
in air, oxygen, nitrogen, argon and hydrogen, only the portion of the Bragg 
curve from the maximum to the end of the range being experimentally deter¬ 
mined In obtaining this portion of the Bragg curve the distance of the 
source from the ionisation chamber was varied, the pressure being kept constant 
during one set of observations 

Apparatus 

The apparatus employed is shown to Beale in fig 1 It consists of a brass 
cylinder about 50 cm long, at one end of which is the ionisation chamber I, 
resembling that used by Geiger^f in his determination of the range of a-particles 
from radium C' The parallel plate electrodes P lt P 2 and P 3 are placed per¬ 
pendicular to the path of the rays P x is a brass disc connected to a quadrant 
* Taylor, ‘Phil Mag,’ voL 26, p 402 (1913), v <i Merwe, Phil Mag ’ vol 45, 
p 379 (1923) 

t ‘ J Physique,’ voL 9, p 175 (1928) 
t ‘ J Physique,’ vol. 9, p 185 (1028) 

$ * Phil Mag ,’ vol 42, p 538 (1921) 

||‘Ann Physique,’vol 3, p 299(1925) 

If H Geiger, ‘ Z Phywk,’ vol 8, p 45 (1921) 
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electrometer of sensitivity 800 divisions per volt, P a a wire gnd charged to a 
potential sufficient to give saturation and P 3 a second wire gnd, earthed, and 



serving as a shield to prevent ions produced on the left of P 2 from entenng 
the ionisation chamber Ebonite insulation is used, the wire grids being held 
in position by ebonite rings The separation of the electrodes P x and P 2 and 
also of P 2 and P 3 is 2 mm , and as the greatest air pressures were about 17 cm 
the ionisation was measured over a fraction of less than 0 005 of the lange 
The ionisation chamber has a diameter of 4 cm and the beam of a-rays is 
stopped down so that the entire beam enters the chamber at all distances of 
approach used m the measurements The maximum difference in length of 
the paths of the particles before entenng the ionisation chamber due to the 
spreading of the beam is less than the experimental error The source of 
a-particles S and the slit A limiting the beam arc mounted on a carnage 
sliding on rails The carnage is moved by a screwed rod rotated by a 
ground glass joint G at the end of the glass tube F attached to the cylinder 
as shown A brass rod p ngidly attached to the carnage extends into F to 
indicate the position of the source The distance from the end of this pointer 
to a fixed mark / on the tube was measured by a travelling microscope. 
A thermometer T measured the temperature inside the chamber, which could 
be exhausted to a pressure of 0 001 mm The pressure of the gas was 
measured by a wide bore mercury manometer, the mercury levels being read 
by a cathetometer The pressure was measured to an accuracy of 0 01 cm 
and the temperature to 0 1° C The pressures used were so chosen that the 
end portions of the ranges could be examined in the ionisation chamber and 
were thus different for a-partioles of different ranges At the pressures used 
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the a-particles from a soun e of activity equivalent to 1 mgm of radium 
gave a maximum ionisation < urront of the order of 200 divisions per minute 

Gust s 

The an used was dried by passing slowly over call rum chloride and phos 
phortis pi ntoxide IJydrogi n was obtained from a cylinder and was further 
purihed by bubbling through concentrated sulphuric acid and by passing over 
iharcoal cooled in liquid an (Kygen was obtained by heating potassium 
permanganate the gas being passed through a tube containing glass wool and 
then ovei caustic potash and phosphorus pentoxide Cylinder nitrogen and 
argon were employed and were dried by passing over phosphorus pentoxide 
The argon was h'J pir unt pun, the impurities being oxygen and nitrogen 
It was (alculated that in no case could impurities lie present in sufficient 
quantity to affect appieciably the value of the range as measured 

Conectiou s foi Dtonj of Son ms 

In the case 1 of radium (” com (turn for the decay was made using the tables 
from “ Radioaktivatat ’ by Mi yi i and Stliwi idler The decay of the thonum 
(B 4- (') sources used was collected for taking the half value period as 
10 6 hours 

Results 

A specimen turve is given in fig 2 whuh shows long and short langc 
« particles from thorium (C f (.”) in hydrogen A list of tin ranges obtained 
is given in Table I The extiapolated rang!s R,„ wire reduced to a pressure 
of 76 cm of mercury and a temperature of IV C by the relation 
R _ R,„ n pi7b X 288/(271 4 0 

where p denotes the pressure used and I the temperature Tn each case the 
value given is the mean of at least two or three determinations The greatest 
deviation of any single 4 alne from the mean was less than 0 3 per ient 


Table I 


Source 

| Air 

Oxygon 

Nitrogen 

Argon 

Hydrogen 


I cm 

<m 

cm 


till 

ThC' 

8 111 

8 10 

8 67 

8 99 

10 88 

R&C' 

(i 94 

(J 55 

6 98 

7 27 

32 74 

ThC 

1 4 72 

4 48 

4 75 

5 00 

21 81 

Po 

| 3 87 

3 84 

} 89 

4 17 

17 2ft 
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> to 2 —Curve 1 ThC' a particles in Hydrogen Curve 2 (ThC + ThC) a particles 
in Hydrogen Curve 3 ThC a particles in Hydrogen 


Allowing for the errors which might have been made m measurement and 
especially also m the drawing of the straight line portions of the curves, these 
values can he taken as correct to about 1 part in 500 

Some of the values obtained by other workers are given in Table II 
While the results for polonium agree very well with those of Curie, Johot 
and Onoda, and Onoda, the ranges in air found for thorium C', radium C' and 
thorium C are all smaller than the values hitherto obtained The deviation 
is greatest for the particles from thorium C, and m this case it seems to be 
definitely outside the range of experimental error We cannot suggest any 
satisfactory explanation for this discrepancy in the case of thorium C It 
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Table 11 


Observer * 

! Source 

\ir 

Oxygon. j 

Hydrogen 

~ 


”un _ ~ 

_ | 

cm 

Henderson 

i Ihl' 

8 616 




IhC 

8 617 



Henderson 

1 RaG 

6 963 



Geiger 

RaC 

6 871 



Curie and Behounek 

Ra(/ 

8 96 



Henderson 

TliC 

4 778 




i ThC 

4 783 




Po 

3 925 




1 Po 

3 87 



Jollot and Onoda 

Po 



17 30 

Onodn 

Po 

— 

3 63 

1 _I__ 


* Curie and Behounek, J Physique,’ vol 7, p 120 (1926), and loo ctf 


may be noted, however, that Rosenblumf haa found that the a-particles 
consist of four groups with different initial velocities, the main group being 
that of second greatest velocity To make sure that the differences in the 
values were not due to some difference m the conditions of the various experi¬ 
ments, tests were made on the long and short range thorium particles to find 
if the values could be affected by any of the following alterations, viz — 

1 The depth of the ionisation chamber P x P a approximately halved 

2 A second screen B inserted 

3 Using the maximum and minimum possible pressures 

4 Placing a mica screen m front of the source (Geiger used a mica scroen 

m all his measurements except in the case of radium C' ) 

Further experiments were then made by varying the pressure and keeping the 
distance constant The results obtained were in all cases unchanged In 
case 4, it was found that the stopping power of the mica did not chango 
sufficiently with velocity for this to affect the results The slopes of the straight 
lino portions of the curves for thorium C', radium C' and thorium C were 
compared with those of Henderson’s curves and were found to be practically 
identical Thus we were unable to find the cause of the discrepancy between 
other observers’ values and ours 


f S Rosenblum, * C R vol 188, p 1401 (1929) 
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Velocity Considerations 
The ranges obtained may be considered m relation to the initial velocities 
of the a-particles as measured by Bnggs and Laurence * Assuming the law 
V 3 = AR, 

where V is the velocity and R the range, the ranges can be calculated from 
the velocities by taking the data for radium O' as a basis of comparison For 
the accuracy required m the values of the velocities, the differences between 
the values of Briggs and Lauience are negligible Tht agreement of the 
observed ranges with the values calculated from the velocities is by no means 
exact as can be seen from fig 3 In fig 3 the differences between the observed 
langes and the calculated ranges are plotted against the latter, the ranges of 
radium C' being taken as unity The difference curve appears to be of the 
same general form in each case, having a maximum negative value for short 
range thorium C a particles 



L<1U 1—difference between observed and calculated ranges plotted against calculated 
langes 

\ir Oxygen and Nitrogen-4igon — — — Hydrogen 

Stopping Powers 

The stopping powers of the gases used relative to air and to argon are given 
in Table III In figs 4 and 5 these stopping powers are plotted against the 
cubes of the initial velocities 

* Bnggs,‘Roy Soc Proc ,’ A, vol 114 p 341 (1927) Laurence, ‘ Roy Soc Pro< 

A, vol 122, p 543 (1929) 
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Table III 

Stopping power = range in air/range in gas 


Sonroe 

| Air J 

Oxygen 

Nitrogen j 

Argon 

Hydrogen 

ThC' 

" J | "TT 

1 060 

0 993 

0 858 

0 211 

R*C' 


1 058 

0 994 

0 954 

0 214 

ThO 

1 

1 059 

0 997 j 

0 940 

0 218 

Po 

1 I 

1 062 

i 

0 929 

0 224 


Stopping power 

— range in argon/range m gas 


ThC' 

1 044 1 

1 110 

1 037 

1 

0 220 

KaC' 

1 047 

1 110 

1 042 

1 

0 222 

ThC 

1 059 1 

l 121 

1 053 

1 

0 231 

Po 

1 076 | 

1 145 

1 071 

1 

0 241 


Table IV gives the values obtained by other workers 

IV thC R»C ThC 



i-io 4 


Fio 5 
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Table IV 

Stopping power = range in air/range in gas 


Taylor 

Taylor 

van der Merwo 
fobot and Onoda 


Source 

Au 

Oxygen j Nitrogen 

Argon j: 

RaC' | 

1 

1 11 1 - 

1 

Po | 

1 

1 10 1 


Po 1 

1 

1 06 , 0 99 

— j 

Po i 

1 


1 066 | 

I = ! 


0 224 
0 224 
0 26 
0 223 


Prom fig 5 it would appear that the stopping power relative to argon varies 
m the same way for all the gases examined 

Gurney, Gibson and Gardmcr and Gibson and Eynng* have measured the 
stopping powers of certain gases relative to air for different small portions of 
the ranges Their experiments give the distance &r travelled by the a-particlcs 
m the gases used for a definite small decrease 8E in the energy Thus the 
stopping power o of a gas relative to air is expressed as 


Whenu 


(T 


/®£gu 

SE/ SE 


<$E &E a 


Assuming that extrapolated ranges R correspond to equal absorptions of 
energy E, this equation can be integrated — 


Therefore 


E !£e!dE = f B dK 

o SE JooSE 






Hence by integrating the curves of 1 /a plotted against distance m air, the range 
in a gas can be calculated, assuming the values we have obtained m the case 
of air This can only be done for the cases of hydrogen and argon and the 
values found are given m Table V together with the experimental results 
The agreement is as good as can be expected from the data available 


* Gurney, ‘ Roy Soc Proc ’ A, vol 107, p 340 (1925), Gibson and Gardiner, ‘ Phys 
Rev,’ vol 30, p 543 (1927), Gibson and Eynng ‘Phis Rev ’vol 30, p 553 (1927) 
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Table V 


Observed | Calculated 


Hydrogen 

Olwc i vod I < alculftt* d 


GaniU’s Theoiy of the Stopping Pmen of Hydrixp n 
Th< stopping power of hydrogen atoms for « partulet. has bun calculated 
u tordmg to the new quantum mechanics by Gaunt* who obtains the formula 
_ </T 
djr 


MEVlog^ 
|il* 27T, 


2ko)'Es 

where — dl/cU is the rate of loss of energy for an a-partich of charge E and 
velocity v, N is the numbci of atoms per cubic centimetre and p and £ are 
the mass and charge of an electron , to' is the frequency of the head of the 
Lyman senes and y' is a constant equal to l 02 This formula is the same as 
those previously obtained by Bohr and by Fowlerf except in the value of the 
< onstant ' Gaunt considers that this equation will have the same form in 
the case of hydrogi n molct ules but that there is no reason to suppose that the 
constant y' which is given in a very complicated way, will have the same value 
as for hydrogen atoms By integration of this equation the range R is obtained 
as a function of the initial velocity v 0 — 

v*dv 




log (y'pv 3 /27r<o'Ee) ’ 


where m is the mass of the a-particle On making the substitution 


_ ilogJC^., 

2nw Ee 


this equation reduces to 




127rNE 8 e 2 (y'p/27co)'Ee) < 


r—‘ion (>(...•/-»» i*V ii f i 


* ‘ Proc Camb Phil Soc sol 23, p 732 (1927) 

f Bohr, ‘ Phil Mag ’ vol 44 p 10(1913), Fowler, ‘ Proc Camb Phil Soe ’ \ol 22 
p 793 (1925) 
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which can be evaluated The ranges R for different values of v 0 were calculated 
using the values of the constants given m the ‘ Physical Review Supplement,’ 
July, 1929, and the value 1 02 for y' (or 3 10 10 -ia for the value of the ratio 
of y' to «') In order to compate the theoretical values for monatomic 
hydrogen with the observed values for molecular hydrogen, the calculated 
ranges were halved and are plotted in hg 0 (Gaunt, m his calculations, uses 



— — — Theoretical curve y'/ut — 3 10 10 - l * 

— -- Theoretical tunc y'/<e' — l 20 10 ’* 

I I 4 Fxpfiimintal vallies 


the same value of y'/co' os for atomic hydrogen although to' should be pro¬ 
portional to the ionisation potential) Clearly this modification of the formula 
docs not give the correct values of the ranges in molecular hydrogen 

Assuming the form of the equation to be correct, the value of y'/to' was 
calculated from the known initial velocity and range of radium C' and was 
found to be (1 20 ± 0 02) X 10 -16 Using this value of y'/o', a new theoretical 
curve was calculated and is shown m the upper curve of hg 6 The experi¬ 
mental values he on this curve with an accuiacy well within the limit* of 
experimental error In his paper, Gaunt calculates the value of (V 0 4 - V 4 )/X, 
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where V 0 and V are the velocities at the ends of a short interval of length X, 
and compares the result with Gurney’s experimental value (loc cit) for the 
mean velocity 1 98 X 10° cm per second Gurney’s experimental value ib 
5 4 X 10 36 , Gaunt’s calculated value, G 16 X 10 s6 , and the calculated value 
using our value of y'/w', 5 39 x 10*’ The theory of Gaunt for hydrogen 
atoms can therefore be extended to thi cast of molecular hydrogen if a new 
value of the ratio of y' to <o' equal to (1 20 i 0 02) X 10" 16 is used The 
calculated values of both stopping powers and ranges agree with the observed 
\ alues within the hmita of experimental error 

y' may be calculated by assuming a value for the ionisation potential of 
molecular hydrogen Gaunt’B the ory gives no indication as to which value of 
this quantity should be used, and there are considerable variations in the 
values obtained both theoretically and experimentally Assuming the value 
15 3 volta obtained from the spectroscopic data of the International Critical 
Tables, we deduce the value 0 446 for y', but whatever value of the ionisation 
potential is adopted, the value of f obtained is much less than the value for 
atomic hydrogen Thus although the expression for the rate of loss of energy 
remains of the same form in molecular hydrogen, y' and «' both alter Had 
Y remained unaltered, then the rate of loss of energy would have been the 
same m molecular hydrogen as m atomic hydrogen except for the difference 
brought about by their different ionisation potentials, but since y' is less, it 
appears that the processes controlling the rate of loss of energy of an oc-particle 
are less effective m molecular hydrogen 

Summary 

The ranges of a-particles of different initial velocities have been measured 
in certain gases and the stopping powers of these gases obtained The gases 
used were air, oxygen, nitrogen, argon and hydrogen The results for polonium 
are in agreement with those of Curie, Johot and Onoda, and Onoda In the 
case of argon and hydrogen the ranges agree with those calculated from the 
stopping powers obtained by Gurney The relation between ranges and 
initial velocities is discussed Finally, it is shown that the theory of Gaunt 
for the stopping power of hydrogen atoms can be extended to the case of 
molecular hydrogen 

In conclusion we wish to express our thanks to Sir Ernest Rutherford foi 
his interest throughout this work, and to Dr Chadwick for his advice and 
help We further wish to thank Dr Chadwick and Mr Crowe for the prepara¬ 
tion of the radioactive sources 
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The Effect of Rotation upon the Lift and Moment of a 
Joukowski Aerofoil 

By W U Bickley, D Be , City and Guilds (Engineering) College 
(Communicated by G I Taylor, FRS —Received lleci mbtr 20, 1929 ) 

1 Introduction 

In a recent paper* the author has given a mimbei of general formula) ton- 
uming two dimensional hydrodynamics, including the working out in some 
detail of a solution of the problem of a rotating cylinder bv a method outlined 
by him some years ago f It was suggested by Prof G I Taylor that the 
apphcation of those methods and results to the Joukowski and othei a< rofoil 
sections would be interesting, and perhaps useful, and the present paper is 
an account of the results obtained 

The solution of the mam problem, that of the effort of rotation upon the- 
lift and moment coefficient, necessitated the examination of the force and 
moment due to fluid pressure acting upon a cyhnder in the most general case 
(the motion of the cyhnder being considered as compounded of a translation 
and a rotation, with circulation about the cylinder superimposed), and the 
author’s solution has been recently published $ 


2 Summary of Results 

The results to lie obtamed may be briefly summarised for the benefit of 
thqpe who may not wish to follow their detailed deduction 

The effect of ordinarily occurring thickness is shown to be small, and 
neglecting it we find, as the effect of the rotation — 

(o) An increase m the Toukowsla circulation, T, of amount 

8T = Jitwc®, (Equation D 43, infra) 

where to is the angular velocity, and c the chord of the aerofoil 
* ‘ Phil Trans ,’ A, vol 228, p 235 (1929) Referred to in the text as T D P 
t ‘ Phil Mag ,’ vol 35, p 500 (1918) 

t ‘ Roy Six- Proc ,’ A, vol 124, p 296 (1929) Referred to in the text as H C See 
also H Glaucrt ‘ teronautical Research Committee, RAM 1215 ’ and H Lamb, ibut, 
1218 (1929) 
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(6) A change in the lift coefficient, k L , of amount 

~ cos® y (Equation 6 35, infra) 

(when y ih small), 

4 U 

U being the velocity of (the hydrodynamic centre of) the aerofoil and y the 
angle of incidence 

(c) A small drag, producing a change in the drag coefficient, k D , of amount 

8A d — ^ sin 2 y (Equation 6 38, infra) 

(d) A change in the moment coefficient (about the leading edge), k m> of 
amount 

r>l m ros(Equation 6 47 mfia) 

~ 5 IT (when , is small) 

While the woik was in progress, H Glauert was applying tho method of 
trigonometric series to the “ thin ” aerofoil, and his paper* contains indications 
of the possible usefulness of the knowledge, and an extension to the case of 
finite span The above results all agree (when y is small) with hiB Consider¬ 
ing the generality of Glauert’s “ skeleton ” section, and its possible divergences 
from the circular arc skeleton of the Joukowski section, together with the 
smallness of the effects of thickness found below, it would seem evident that 
the above formulas apply to any ordinary aerofoil section with sufficient 
accuracy, so that a detailed examination of other sections given by mathe¬ 
matical formulae would scarcely seem to be worth while—at anv rate from 
the point of view of practical aerodynamics 

3 The Transformation 

In Joukowski’s original transformation, the aerofoil section and the region 
outside it in one plane (our z-plane) are transformed into a circle and the 
region outside it in another planef (our r-plane), by the formula 



as shown in the figure, the points at infinity corresponding dzjd -r has zeroes 
* ‘ Aeronautical Research Committee, R & M 1216 (1029) 

t Though on account of an elegant geometrical construction these planes are usually 
superposed The transformation is then * =» t -f c*/t and 4c is the chord It has been 
thought desirable to modify this as above for the present purpose 
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where t = ± 1 Any oircle through these points (A and B) in the r-plane is 
transformed into a circular arc of chord c m the z-planc (dotted curves), any 



circle touching one of these at the point t = — 1, and surrounding it, suoh 
as AEDFA, is tiansformed into a curve having a cusp at z — — $c, and a 
blunt leading edge, surrounding the corresponding circular arc To use the 
methods of T D P , we must transform the circle into the real axis of the 
C-plane Taking £ = 0 to correspond to t — — 1, the formula is 

Z = (3 21) 

T — (X 

or 


t-i 


(3 22) 
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where p is the value of t at the point D diametrically opposite t — — 1 
If the centre, C, of the circle is at t — (where b is small, usually <0 l, 
so that its square will frequently be neglected) we shall have 


p -= 1 | 2b,^ 

(3 23) 

Also if in the - plane, AC = a and /DAB — v, 


1 1 p •= 2at' a 

(321) 


It is easy to show that the angle subtended by the circular arc at its centre is 
4a, and that the camber is \ tan a, and that the maximum breadth of the 
section is, approximately, 3-y/3/4 b cos (3 c 

Combining (3 1) and (3 22) we get the required transformation, 


whence 

<lz 

<K 


.L/kLm+Lzi, 

4U -i tf + i/ 


(1 II) 


t(l + tx)o | 1 

4 UC-O* 


1 1 
(nC + 0*J’ 


By the substitution £ = ten (cf T D P , passim) we obtain 

„ _<* Hu —I)e tt + (H+ 1) , 2e il I 

v i t ic i mp i y f (p i i)i 


(131) 


and if t — r i», s = 0 is the boundary, while s — const and r (oust art 
respectively stream-lmes and equi-potentials for circulation round the section 
Ass-*-*, e*‘->0, so we can write 


(314) 


the series certainly converging if s < 0 , this simplifies calculations for plotting 
the profile, stream-lmes and equipotentials It also shows that the ‘ hydro 
dynamic centre ” (cf H C) is the point 



4 


% 




In the more usual form of the transformation, with the z- and x-planes super 
posed (and a relation between the units necessitated by the geometrical con¬ 
struction), this coincides with the centre of the circle AEDF The convenience 
of usmg such a point of reference, especially as one about which to take 
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momenta, has been realised by writers on aerodynamics,* but not, apparently, 
other properties of the hydrodynamic centre 
The area enclosed by the profile isf 

* = (141) 


Lining (131) and (3 12) and evaluatmg the integral by residues, we find 


A= £<i + l 0 ( 1 +ji) {i_ ( _l_} 

TTC 2 , u 

= — b cos [i, 

4 

where, in the last, higher powers of b arc neglected 


.1 


P) a J 


(3 42) 
(3 43) 
(3 44) 


4 Circulation and Streaming 

The methods of T D P give us the solutions for circulation round, flow 
past, and translatory motion, m the forms — 

(a) Circulation, 1\ 

«r=* + i<W = j£logjM^ (4 1) 


(b) Stream, coming from infinity in the direction —y (the negative sign 
being taken so that y can be taken as the angle of incidence) and undisturbed 
velocit\ U 


-t l4 , 0 ^ \W(I±j±)£l _ (l±lLi_l Y \ 

1 4 t £ -1 C +1 I 


(4 2) 


(c) Translation with velocity U in direction — y, in fluid undisturbed at 
infinity 

ICjj' — w v — \Jzc ly 


Uc 

4 


1^ + 


t (l + p) g --v 

K + i 


(LnOgl l 

K-M i 


(4 3) 


in which the first term in brackets, being constant, may be omitted 
* 6/ Glauert, * Aerofoil and Airscrew Theory ’ (Cambridge, 1029), p 85, where, unless 
the fact that the planes are superposed is borne in mmd, thore may be some confusion 
■f Bars denote, consistently, conjugate oomplex quantities 
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The impulse m translator) motion per unit length, including the momentum 
-of fluid the profile would enclose, is 27tp X the coefficient of 1 jz in the expansion 
•of w v ' valid neir z — qo Now when i is large, £ = i {1 (1 -f- (x)r/4z } 

so that 


Uc | 

1 l 


9-' 


( 1 V |i)(l + jt) g -‘T t [ e‘y C | 1 

4z 4~ / 


'whence the impulse, not including the momentum of enclosed fluid, is 

i, - - slg-* {(LJbnilLt &L2 - ^r} - p au,-> 

_ gpW m + |>)|i , | j . v ,l (44) 

16 I 4 1 H (m. -i- ji)*e | 14 4) 

on using the value of A from (3 42) If ni x and m ¥ arc the inertia coefficients, 


I|; = M X U COS y -- 

- i m y U sin y, 


_ 7CpC 2 f (1 + (*) (1 + jl) 

/1 i 4 1*1 


10 \ 1 
- iupcW cos 2 [i 

* ^ (fx + v-r ) l 

(4 51) 

npt 3 ((1 1 (X)(H-1X)/ 

1 + ( 7 Tir* ,+2 }| 


10 l 4 \ 

Jnpc 2 (1 f b 2 cos 1 (i 

(4 53) 

m y - >n x ^ 

Irrpc 2 

(4 53) 


ixaetly, for all Joukowski aerofoils having the same chord 
The Joukowski condition that the velocity at the trailing edge is finite is 
equivalent to the condition that dwjdZ> = () when £ = 0, where w — ic t + w v ', 


_if + i Uc |i(l , (£ - t) e ,y l 

c Tl " Th + nC+i i 

du _ iF . Uc ji (1 + (i) i(l f [x)c y | 

dl + 4 l (CH- 0* H- 0* • ’ 

and so the condition is 

r_*2( (1+ ^, - (l + n)c»}-=0, 

•or since 1 -j- p. — 2ae ta and 1 -f jx = 2ae~ “ 

T — noa sin (a + y) (4 0) 
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The resultant force per unit length, is 

x-t iY = t? nv-‘> 

= irpUfynt ~‘ y sin (a -[ y), (471) 

which is pei pendicular to the direction of motion , it is a lift 
L -= 7cplJ 2 crt sin (a + y) 

and tin lift toeffic i< ill is 

l, = rn sin (« I- y) 

it (« + y) 

Tin moment about the hydrodvnamic centre is 

Al, - (m w — («,) U 2 sm y cos y 

- sin 2y (4 SI) 

4bout the leading edge [taken, with an error of ordei Ir, as the point (c/2 0)1 
the moment is 

M — M f — L ^ {cos y — J6eos([i |-y)} 

— — i7rpU 2 c 2 {sm 2{ f 26(1 { <os 2 y)sin fj 

+ 6 sin 2y cos (i — 6* sm 2 ((i f /)}, (182) 

where we have used the identity a sm (a -) y) — sin y -f- 6 sin ((d f y) 1 f w e 
neglect 6 2 , and take y as not being very large, so that we can put e os 2 y = l 
and also neglect 6 sin* y, we get the moment coefficient about the leading edge 
in the form 

k m — Jir{sm 2y -f 46 sm (d) (4 88) 

~ — (2y + 4a) (184) 

(since 6 sm (d = a sin a — a) 

= A m0 -R, (4 S'-,) 

k m0 being the moment coefficient at zero lift, i e , when y = - a 

5 Rotation 

For the velocity potential stream function when the profile rotates about 
an axis through z — z 0 with angular velocity to, we require a function of £ 
finite and continuous in the upper half-plane, the imaginary part of which 


(4 72) 
(471) 
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reduces, on the real axis, to Juo I z — z 0 i 1 We naturally take, according to the 
results of the previous paper (H C ), the point z 0 as the hydrodynamic 
centre, z 0 — (p — 1) 

Now, on the boundary (where Z is real). 


* - (z r„) (“ - -„) 

i C_c __ J 


2 II5 + ! 


16 K - i H 

This may be split into partial fractions giving 


~T~\ 


lliilLZ 
16 \ 


and wo easily find 


(i-l 


Ls . t lL±iJ (|» + ^(S+l) 

(i l 2(|* — 1) p + PU 

f l p + i j(i* + i)(iz + D , p -i l 

[X I 2((X — l) p+pJ 


(513) 


Now because (5 12) is purely real, the real part of 

t} jL + i 

16 i t ^ pcW 


will differ from £ {z — z 0 } 2 by a constant on the boundary and it is evidently 
finite and continuous in the upper half-plane We may thus take* 


• i * iroc 2 j IC , 

“^+‘*-=-rrtrri + 


L ) 

(xC H- tJ 


Also, on the boundary (but not elsewhere) 


(c£ u ) = w m — $ t to I z — z 0 1 2 

= uocf /_K_K _L_ L 1 

32 U + t C-i - * pt + i p^-i/’ 


(5 21 ) 


(5 22) 


* The prooedure, and equation (5 434), at T D P , also give this result 


VOL OXXVII —A 
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from which we find the impulse 

L- ~*-ip<j>(*..)<fe = tp j" (631) 



(5 33) 

■ (26 cos (1 -f- 16 am (i) (5 34) 


neglecting higher powers of 6 

For the Joukowaki circulation we must have as before dw/d'C, — 0 when 
£ — 0, but with w = w v + t c , 


r - ~77” i (f 1 l)(ii 1 j) • 


(n - 1) (|X — 1) (M. 1 jx f 2) ) 
2 ((x -f p.) ) 


( 513 ) 

'1 his (an be taken as }7 cmc 2 with a small error, or as ^nccc* (1 -j- 26 cos (J) with 
i unj small tnoi It is noteworthy that the value, Jttwc 2 , was deduced by 
(llauirt (loc <it) for a thin aerofoil of any section of small camber We see 
here that it is a good approximation foi any Joukowski aerofoil of reasonably 
small thickness , it would thus seem to be a reasonable approximation for 
uny ordinary aerofoil section 


6 Flight in a Cuived Path 

We have now obtained all the necessary material for building up the results 
for flight in a curved path If U and y refer to the motion of the hydrodynamic 
(cntie,* and w is the angular velocity, equations (4 6) and (5 43) give for the 
total circulation 


T = rcUca sm (a + y) ■+- {nine? (1 + 26 cos (3 ) (6 1) 

* I’his define* y Glauert shows that the appropriate value of y vanes with the reference 
point, and it is convenient to have a standard reference point not arbitrarily chosen 
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The total impulse is 

I = I p 1 I„ - m x U cos y — im„U sm y + I u (6 2) 

whore I., is given by (5 33) 

The resultant force [cf H C, equation (4 3)] is 

X + iY = iprUe-'* - iwl (6 31) 

if L' is the lift, and ])' the drag, 

X f iY-=- + iD') 

W + tD' = P ru - wlc‘> (6 32) 

Neglecting 5* and hjghu powers, we find 

L' = npc | U 8 a sm (* -|- y) + Je«U (cos 2 y + 26 cos p) 

-^^( 2c °s Psiny + sin pcosy)| (6 33) 

and the lift coefficient 

W — 7 t«sin(a + y) + ^(cos 2 y-f 26cos p) 

f( 2 cos f ism Y I- «in p cos y) (6 34) 

Now in ordinary flight m a cuived path, <oc/U is equal to c/r, i bemg the radius 
of curvature of the path of the hydrodynamic centre, mc/U will be small, 
and its square multiplied bv tin small quantity 6 is negligible Thus we 
have 

•»*i li — (tos'y + lb cos fi) (b 35) 

If we neglect 6 altogetln r, and lestrict out selves to small angles of incidence, 

(6 36) 


which agrees with Glauert b icsult * 

D' is small again neglecting the product of 6 and (wc/U) 2 , w( have 
1 )' = Jirpcoc^U sin y cos y, 


(6 37) 
(6 38) 


* Loc ett The approximate formulee for small angles used in the < nurse of Ulauert’s 
work make it impossible for him to find the small effeot of y shown by the cos* y in (6 35) 
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Using the formula (6 32)* of H C , the moment of the pressures about the 
hydrodynamic centre is 

M„' =- SLU^I (f> 41) 

-= (m v — m t ) U 2 sm y cos y + Sidle'*!*, (b 42) 


— |Ttpc 2 U 2 sm 2y f- 


7tpt00 3 U6 


64 (1 + 2 b cob p) 


2 + 


1-4-26 cos p 


cos (P + y) 


+■ 7 


(1 +26 cos (i) 2Sm Y) l 
— &npc*U* sin 2y 4 - (2 cos p cos y -sm flamy), (b 44) 

neglecting higher powers of 6 The moment about the leading edge [again 
taken as (c/2, 0)] is 

M' = M e ' - JL'c {cos y - 46 cos (p + y)} - £l)'c{siny - 46 sin (P + y)} 
so that 44) 

k m ' = kj — J k L ' {cos y - £6 cos (p + y)) — £A U ' {siny — 46 sin (P + y)} 

(6 45) 

or, neglecting 6* and 6 (oc/U) 11 , 

,, , 7T o>c 7t6 toe, 


so that 


8 U 


32 U 


(4 cos (i cos y + sm p sm y), (6 4b) 


7t toe 

8 U 


ffcosy — ^^(4 cos p cos y + sm p sm y) 


and with y small, 




7t6 


8U -Fa U <4C0,P + YS '" ,J) 


((,47) 


(6 48) 


The term — $no>c/U agrees with Glauert’s result, expiessed in our notation 
ty (6 49) 

which differs by the last term from the (approximate) relation (4 85) usually 
adopted for translatory motion 


In conclusion, the author would like to thank Prof G I Taylor for sug¬ 
gesting the problem, and for his continued interest m the work, and also 
Prof H Levy for various suggestions 

* It is much regretted that by an oversight the formula for I in H C did not molude 
a term in ta, so that the work following (5 32) there is incomplete, and some statements 
—especially that the moment about the hydrodynamio centre is independent of oi—are 
in error The author wishes to thank Dr Lamb for pointing this oat 
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On the Sped') am of Bi omme m Different Stages of Ionisation 
By Surksh Chandra Dfb, M Sc , Research Scholar, Allahabad University 
(Communicated b> M Sail i, F R S — Rlcuvi d 1 >< < < tuber 10, 1929 ) 

The spectra of elements belonging to the halogen group have been investi¬ 
gated by many workers dunng recent \cais in their successive stages of ionisa¬ 
tion * 

Systematic classiheation of bromine lints has not ytt been done, though 
there is plenty of experimental work In the arc spectrum Turner (loc cit) 
got only the fundamental lines Foi the spark spectium, Blochf has separated 
the groups belonging to the different stagts of ionisation from X 2200 A to 
X 6000 A , though he did not attempt any ehssifie ation 
Spectral investigation has now proceeded so fai that it is possible to locate 
almost exactly lines belonging to different transitions of any element in any 
stage of ionisation Fust of all wc have the l’uuli-Heisenberg Russell-Hund 
theoiy which enables us to calculate the types of spectral line s arising from 
any electronic configuration Secondly we have the authmctic progression 
rule discovered by Ileit/f for the X ray region and applied by Millikan and 
Bow< n§ with conspicuous success foi locating the spectia of stripped atoms 
containing only one or two valency electrons This law has been extended 
by Saha and Kiclilu, and simultaneously by Mack, Laporte and Lang, and 
Gibbs and Whitt|| also to lomplex spectra Lastly, we have the “ horizontal 
* The following oompktc classifications may lie mentioned — 

F—dc Bnnn K Akad Ams Proc ’ \ol 3(1 p 947 (1927) 

F- -Dingle Rov Soc Pioe A \ol 113 p 323(1927) 

h + + - Millikan and Bowen Plivs 1U\ \ol 23, p 11 (1924) and vol 29 p 231 
(1927) 

F + +—Dingle Ro> Soc Proc ’ \ vol 122 p 144(1929) 

Cl- Turnei ‘ PIivm Rev vol 27 p 397 (1026) 

Cl -Majumdai Roy Soc Pioe A vol 123 p 60(1929) 

Cl—Kiess and do Kuan Bui Stand J ltos ’vol 2 p 1117 (1929) 

C1+ +—Bowen, Phys Rev ’ vol 31 p 35(1928) 

01+ +—Majumdar and Chandra Deb, ‘ Ind J Phys voL 3, pt 3 (1929) 

Also a partial classification of 01+ bj Paschen Ann Physik,’vol 71 p 792(1923) 
t 1 Ann Physique ’ vol 7, p 205 (1927) 
x Z Physik,’ vol 3, p 19 (1920) 

§ ‘ Phys Rev vol 24, p 209 (1924) and subsequent paper 

|| Saha and Kichlu, ‘ Ind J Physics ’ vol 2, pt I (1928), Maok, Laporte and Lang, 
‘ Phys Rev ’ vol 31, p 1124 (1928) Gibbs and White, ‘ Phys Rev vol 29, p 359 
(1927) 
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comparison method ’ due to Saha and Majumdar,* which enables us to locate 
lines with almost arithmetic certainty and helps us to make a complete survey 
of hues belonging to definite transitions of any element 
To illustrate the use of these rules let us consider the spectra of following 
groups of elements 

Tabic I 


Ga 

Ge+ 

Aa++ 

So ++| - 

Br*iv 


Ah 

So + 

Br +f 

Kr +++ 

Rb+iv 


Ac 

Bi+ 

Kr++ 

Rb++ 

SrU\ 


Br 



Y+i\ 


Kr 

Rb+ 

Sr ++ 

Y++' 

Zr+n 


Kb 

Sr+ 

Y++ 

Zr +++ 

La*n 


These groups of elements have the electronic composition (2K 8L 18M 2N 1 )a;'N 2 
x' varying from 1 in Ga to 6 in Kr x' represents then noimal state In 
their excited states they have the composition (2K 8L 18M 2Nj) /N 2 Oj <>_, 
etc , x now varying from 0 to b as wc pass from Ga to Rb (The same holds 
from groups II to V also ) The light electron mns through the unfilled levels 
0 X , 0 2 , etc , as graphically denoted in tho following general diagram | 


2K 8L 18M 2N t 


N a N a N 4 

x 1 

0 2 0, () 3 0 4 

i r i 

p, p 2 p 3 

i i i 

Qi Qa 


Tjocatton of Lines due to different Transition* 

(1) Transition N a <-N 3 

t 

0, 

* ‘ Ind J Physics,’vol 3, pt I (192b) bee also Gibbs and White Pro< Nat Acad 
Scivol 14 (1928) 

t We are following the notation used in the Allahabad Laboratory, as this seems to 
present, at least to ns, marked advantages over the system wbioh has been proposed bv 
Russell, Shenstone and Turner (‘ Phys Rev,’ vol 33, p 900 (1929)) There is no essential 
distinction in principle between the two systems, ours is graphical, whde the other is 
symbolical We have found that, with our graphical system, we oan locate fanes and 
assign transitions much more quickly than by using the other system 
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In moat cases, these lines for the groups of elements considered m Table I he 
in the Schumann region They are excluded from our discussions 

(2) Transition N 2 (O t *- 0 2 ) 

For many of the elements m Table I the lines due to this tiansition are known 
They are shown in (’hart 1 (pp 200-1) and plotted m fig 1 



Fxo 1 —Transition O,) 


In this Chart the most important lines are noted The refeience has beon 
given under the hne 

The diagram shows the validity of the two empirical rules, viz, of the 
arithmetic progression law, and the horizontal comparison method The 
extreme elements (Ga and Rb) have simple doublet spectra, and there are 
only two lines corresponding to the transition *- 0 2 We plot the lines 
^P 3/2 due to Ge + and Sr + at the extreme ends, and draw a hne through 





Chart 1 —Transition xN 2 (O x *- 0 2 ) 
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! Chandra Deb P K. Kichlu, R Majumdar, ‘ Xa Fowler, Report, 
(this paper) ‘ Roy Soc. Proa,’ tnrwissenschaf p. 132 

voL 120, p.T643 ten,’ p 198(1920).' 

(1928) " I 
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them (thick lines m the diagram) Then it is found that the most important 
hues due to the intermediate elements (As + to Rb + ) lie on this line, and 
the other groups he scattered about this line m a regular order implying an 
exact correspondence between similar groups of elements having iso-electronic 
structure Thus let us take the spectra of Kr, Rb + and Sr ++ Both in Kr 
and Rb + , the a (PD) lines lie on the line, while 8 (PS) he below, and 3 (PP) above 
the line The classification of the lines of Sr ++ is not known But from 
analogy, we can predict that 3 (PD) will be on the line, J (PS) will be below the 
line, and a (PP) above the line I have always taken advantage of this corre¬ 
spondence in order to locate the different groups 

The two empirical laws hold not only for the transition (O x O a ) but, as 
has been shown by Dr Majumdar, also for the transition (0 2 0 3 ) The 

available data relating to this transition for the elements m Table I are 
collected in ('hart 2 and plotted in hg 2 





Transition zN 2 (0 2 <- 0 3 ) 
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(1928) 
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Spectrum of Br + 

With the aid of these guiding principles, I have tried to classify the spectrum 
of bromine m its different stages of ionisation In Br itself no data is yet 
available In Br + I made use of Bloch’s data and obtained the quintet terms 
due to (O x +- () 2 ) transitions They fall exactly m the predicted places and 
are shown m Table II I have also obtained lines due to (0 2 +- Oj) 
(0, - Pj) and (N 3 <- () 2 ) transitions They are shown in Table II 

Iorubohon Potential of Br + 

From Table II we see that 

Oi — 0 2 = 21182 taking the line ( 6 S a — 5 P S ) 

0 2 — P 2 — 20930 takmg the line ( S P 8 — B S 2 ), 

therefore 

(\ - Pj = 42112 

Let Oj = 4N/(2-f <*) 2 > and Pi — 4N/(3-f<j) 2 Then from a table of 
liydberg-sequences (Fowler’s ‘Report’) 

0 2 = 82128 and P x = 40016 

From this we have 

O a = 60946 

Taking 0 2 # 4N/(2 + rc) 2 , we get N 2 = 4N/(1 + n) s = 154888, which 
gives the lomsation potential of Br 1 to be 19 1 volts 

The value is actually higher than the actual ionisation potential of Br 
is the fundamental terms arising from the 4N a combination is 8 P This will 
form the larger Rydberg sequence of S P arising from 3N a 0 2 But we have not 
got the triplet terms, but only quintets Hence the value of the ionisation 
potential obtained here is larger than the actual value 

Spectrum of Br + + 

The Quartet Group due to the Transition 2N 2 (0 1 <-0 2 ) — From fig 1 it 
is at once seen that the lines due to the transition 2N a (Oj •<- 0 2 ), viz , 4 (P a D 4 ), 
4 ( PjP 3 ) and 4 (P 3 S 2 ) are located as v 28000, v 31500 and v 33000 respectively 
\ strong set of lines in this region is given by Bloch, and from consideration of 
intensity, the following lines were identified, v 28063 as 4 P S — 4 D 4 , v 31497 as 
*P 2 — 4 P 3 and v 33096 as 4 1’ 3 — 4 8 a The prediction turned out to be com¬ 
pletely successful and the following multiplets wore obtained 



Table II 
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Table III —Br ++ Transition 2N s (0 1 -»- 0 2 ) 


\ 2N.O, 


516 

838 

1138 

1283 

2N,C%\ 

\ 

b *P, 

6*P, 

6*P, 

ft'Pj 6'P, 

6*1>, 

6*D, 

d* D, 

(7) 

27764 

(0) 

6 27246 

2 — 

_ __ 

- 


332 

d‘D, 


(2) 

27576 

(2) 

2 26730 3 




578 

«i*D, 

_ 

(7) 

28153 

(2) 

7 27315 0 

- 

- 

- 

748 

d«D 4 

_ 

_ 

(10) 

28063 2 


- 

_ 

d'D, 

— 

- 

- 

(4) (2) 

28769 6 27631 7 

(3) 

26089 4 

- 

1386 

! <i’D. 

_ 

. 

.. 

(8) 

28908 7 

(4) 

28353 0 

(8) 

27089 2 

I 

d* P, 

(8) 

31608 

, 




- 

! 472 

d *P, 

(6) 

3208.1 

(7) 

6 31662 

4 

' - 

l - 


771 

tf*P, 

_ 

(6) 

32335 

(H> 

0 11407 7 




1 d‘P, 

— 


- 

; (2> (4) 

32352 6 31214 1 

1 (5) 

30573 5 

- 

11171 

1 

; <**ib 

1 



(1) 

1 — 32381 6 

1 

I (4) 

I 31744 0 

(6) 

30461 3 


(0) 

34468 

(2) 

3 33034 

(10) 

1 33096 0 

t ~ 

! 

- 


The Doublet Group —For tlic identification o£ the doublet group, we are 
guided by Mr D K Bhattacharyya’s observation that in the case of 
(which has the same electronic structure as Br +H ) the 2 (PD) group will be 
situated just below 4 (PP) and *(PP) group near 4 (PS) groups It was not 
difficult to identify the other groups once the correct difference has been 
obtained The doublet group is also included in Table III 

Lines Due to the Transition 2N a (O a ■*- O s ) —These are identified from exam - 
i nation of fig 2 and there shown by (?) The group of lines due to this 
tiansition is shown in Table IV 



Table IV —Br ++ Transition 2N S ((),«- O s ) 
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lanes Due to Transition 2N 2 (N 3 -*- O s ) —These lines would be fairly strong 
and would be comparable in intensity to the (Oi 0 2 ) lines Our analysis 
of the spectrum of Cl h+ enabled me to predict that the group would be found 
between v 16000 and v 28000 I obtained a multiplet from Bloch’s data, 
but all of the expected multiplets could not be obtained as the data did not 
extend beyond X 6000 So I undertook an experimental investigation of the 
spectrum of Br ++ in this region and obtained a number of new hues shown m 
the general Table X The 4 (DF), 4 (PF) and 4 (DD) groups are entirely new 
and some of the lines of 4 (PD) and 4 (PP) groups are partially identified from 
my data 


Experimental Arrangements 

The spectrum was obtained by passing a condensed discharge through a 
spectrum tube of special design which has been described by Dr K Majumdar 
Roy Soc Proc ,’ vol 126, p 62, 1020) in his work on the arc spectrum of 
chlorine The diagram is not reproduced here as my tube differed very little 
from Dr Majumdar’s The electrodes were of nickel, as this metal was found 
to be the best material for withstanding the effects of bromine gis The 
bromine used was Kahlbaum’s extra pure B in Majumdar’s figure was 
replaced by a bromine bulb The tube length between the stopcock S and 
the discharge tube was about 3 feet, hence there was little probability of 
bromine getting contaminated by the grease in the stopcock The condenser 
was made of thick glass plates separated by tin foils and immersed in kerosme 
oil Capacity was about 0 01 microfarad A pressure of about 3 mm of 
mercury was maintained in the discharge tube 

The spectrum was formed by a plane transmission gratiug with a glass lens 
having a dispersion of about 25 A per millimetre at the region under investiga¬ 
tion (X 4000-X 7500) several photographs were taken on Kodak panchromatic 
and dicyanine plates with the exposure of about 3 hours Neon comparison 
lines were used for measurement, and the order of accuracy was found to be 
about 0 1 A for fairly strong lines About 230 lines were measured of which 
60 were entirely new 


Identification of other Groups 

For the identification of the groups due to other transitions we worked out 
the v values of the different energy levels, with the aid of a Rydberg formula 
Let us take the following structure diagram The approximate energy values 



Table V —Br T+ Transition 2N 2 (N 3 <-0 2 ) 
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of the levels arc indicated below these levels, and were obtained m the way 
explained below — 


N* 

n 3 


209600 

126000 


Oi 

°i 


130000 

98200 

64300 


l*i 

1\ 


70700 

96700 


W< have from the tables 


and 

Hence 


O, - (), 11497 taking t^i line 4 (P 3 D 4 ) 

(> 2 — O, = 30213 taking the lnu 4 (P 3 D 4 ) 
N, — O a — 28338 taking tin line 4 (P 3 P 3 ) 
N 3 - 0, -= 01071 


Let us suppose 
then 

therefore 


that 

v s -= 9N/(2-f 8) 2 , 
v«, - 9N/(‘3 4- *) 4 

9N [1 /(2 + 8) 2 - 1 /( 3 + S) 2 ] = 61071 


We hnd from ref< rente to tables of Rydberg terms given m Fowler’s ‘ Report,’ 
p 82, that roughly 

N 3 = 126000 
and 

64300 

Hence 

0„ = 98200 

O, = 130000 

Taking v ( ,, -- 9N/(2 + s) 2 and V|», — 9N/(3 4 s) 2 we get v P , from the above- 
mentioned table (after proper <calculations) to be 70700 Similarly we worked 
out the values of vj.,, vp s , , which are shown in the diagram above 

From these values we find that the hues 2N a (O a +- P 4 ) would he in the range 
(27000-32000) There is a large group of unidentified lrnes in this legion, 
and with the Help of known 2N 2 0 2 differences, I easily identified the multiplets 
They are shown in Table VI 
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Table VI - Br++ Transition 2N 2 (0 2 «- L\) 


2N,P, 

798 901 1 


77S 

990 

2N,0, \ 

e‘P, 

<•‘0, f *P, | 

? 3 P, 

< m. 

rib 


\ 

— 

(10) 



' 

— 



125 PI 1 





132 

(7) 

(‘) 1 





d‘D a 

31387 1 

3218(1 (1 31083 4 





570 


(0) 





d*r>, 


31008 9 32507 1 1 





718 


(1») , 





d'O, 


31759 2 | 








(2) 


(4) 

IV 

dm. 


- 

12131 7 


33800 8 

34850 7 

1301! 


, 


(B 


(1) 

d 'Ll, 

— 


- 

31744 0 

— 

33492 5 


(2) 

(O) 





d*l\ 

2787) 2 

28072 1 





1 472 

(1) 

(2) (D 





j rf'P, 

27401 4 

28202 8 29104 9 





i 773 


(7) 





dH>, 

* 

28330 4 








(») 

(3) 

(4) 


dm, 



28749 fi 

29528 4 

30284 3 


1171 



(2) 

(4) 

! <fi) 

(«) 

dm. 

i - 

— I 

27570 2 

28153 9 

I 2911) 1 

10103 1 


<D 

(4) (2) 





d* s, 

25029 1 

25824 8 20727 9 I 






It is also clear that no oth« r "roup of lines in the region investigated by Bloch 
can be assigned to Br + + 


Ionisation Potential of Br ++ 

We can make a provisional estimate of the ionisation potential of Br ++ 
Taking 0 2 — 9N/(2 + p)*, and N 2 = 9N(1 -j- p) 1 , we get N 2 = 2()%00, 
which is equivalent to 25 9 volts 
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The value can, of course, be regarded only as approximate The resonance 
lines are expected at about X 1260 

Spectrum of Br ++ ^ 

By applying the method of “ horizontal comparison ” wc see that lines due 
to the (Oj < 0 2 ) of Br +++ spectrum would be located (see fig 1) at about 
v 37000 A strong group of lines m this region are ascribed by Bloch to Br +++ 

I could easily classify these lines into multiplets arising from transition 
(0, 0 2 ) and they are shown in Table VII below No other group has been 

obtained Intercombinations have been obtained in this case 


Table VII Br+++ Transition (O x - 0 2 ) 


\ 






\ N.O, 
N,0, \ 

\ 

\ 

»p„ 

506 1093 

»1>, 

»P, 

933 

l P, 

*D, 

1 

(1) 

32368 

(«) 

2 32874 8 

(2) 1 

33966 7 | 

- 

•D, 

1193 | 


(1) 

S4066 

(2) 

35168 1 

(2) 

36094 8 

•D, 

1517 1 

• 



1 

(3) 

16675 2 

„ 

•«, j 

- 

(2) 

35863 

(2) 

36058 

- 

*P, 

1 


(1) 

38066 

- 

(4) 

40090 6 

»P, 

364 


(4) 

38429 

(4) 

19523 

<D 

40463 

»l» 

607 

_ 

39036 7 

40130 8 

_ 

1114 

>P, 

(4) 

39644 

_ 

(I) 

41244 

(3) 

42177 

•8, 

loos 

(2) 

40649 

(1) 

41166 

(2) 

42247 

- 
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Spectrum of Br +Iv 

Br V atoms form an iso electric system with Ge II, As III and Se IV atoms 
The spectra of these are known, and are classified by various workers (shown 
in Chart 1), from which we at once Bee that the two doublet lines arising from 
the combination 2 Sj/ 2 — 2 Pi/ 2 s / 2 due to the transition (Oj •*- O a ) would be situated 
at about v 40000 The difference between them would be of the same order 
as the difference terms ( a P 0 — , P l ) of 0 1 m Br +++ speotrum This difference 
is 2532 in wave-numbers (mde Tabic VII) The lines could be easily identified 
and arc shown below 

Table VIII — Br +t ' 


\ 

\2N l 0 1 

2N,0^\ 

1 

- 

•D, 

* 1 ), 

\ 

\ 




s Pi 

(2) 

41018 2 

(1) 

33511 7 


2572 i 

I 

(3) 

(4) 

G) 

*P, 

43590 1 

30084 2 

35440 9 


Table IX —Classified Lines of Br + 


A. 

Int 

— 

Quintet combination* 

4686 61 

1 

21328 3 

d 6 P, -/‘D, 

4691 24 

. 1 

21310 7 

d‘P. — /‘D, 

4693 30 

1 

21301 1 

d»P. -/‘D, 

4696 43 

4 

21287 1 

d‘P, -/»D, 

4701 00 

3 

21266 1 

d, 1 p, - 7 ‘d, 

4704 86 

10 

21249 2 

d‘P, -/»D, 

4719 77 

8 

21182 0 

b , S, - d»P, 

4720 30 


21179 5 

d *P, — / *D, 

4728 24 

4 

21143 8 

d*P, - e‘B, 

4728 79 

2 

21137 5 

d‘ P, -/‘D, 

4742 70 

10 

21079 6 

d‘P, - 6*8, 

4752 90 

3 

21034 1 

d‘8 t - d»P, 

4767 10 

10 

20970 3 

fb ‘8, - d ‘Pi \ 
\o‘D, - d‘P,/ 

4776 42 

10 

20930 0 

fd‘ P, - « »S,\ 
\c‘D, - d*P,/ 

4786 50 

20 

20890 1 

c‘D 4 - d»P, 

4790 23 

3 

20848 0 

o ‘D. - d ‘P, 

4803 21 

0 

20813 4 

c *1), - d‘P, 

4802 24 

6 

20817 2 

c*D, - d‘P, 

4810 04 

2 

20784 2 

c *D. - d ‘P, 

4810 71 

15 

20781 0 

c ‘D, - d »P, 

4816 72 

8 

20756 O 

c »D, - d ‘P, 
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Table X —Classified Lines of Br ++ 


Combination* 


2326 50 
2350 26 
2377 70 
2381 15 
2384 12 
2391 86 
2473 18 
2482 15 
2495 62 


lnt 


2502 74 | 

2504 92 
2609 60 
2616 05 
2620 27 1 

2632 43 
2638 68 
2654 26 I 

2667 82 i 

2663 19 | 

2692 34 I 

2694 45 I 

2594 40 
260J i6 ; 

2606 18 
2616 21 
2626 49 
2663 91 j 

2674 89 
2077 34 I 

2681 53 | 

2686 25 i 

2094 23 I 

2099 86 | 

2719 03 
2735 85 


2730 52 1 


2744 79 2 { 

2750 60 3 | 

2751 99 2 I 

2751 31 1 I 

2759 11 4 

2772 00 l 

2772 62 3 | 

2780 73 2 I 

2804 12 3 | 

2842 69 2 

2808 19 3 I 

2901 42 5 

2936 06 5 I 

2946 17 2 j 

2961 92 4 { 

2907 23 0 | 

2975 70 4 

2984 9 1 

2993 93 8 I 


-, a , 

Quartets 

Doublets 

- - - 


— 

— 

42909 4 

42538 0 

42044 6 

<4*0, -/ 4 P, 
d 4 D, -/*Pj 

)1*D, 

~/*P. 

41985 5 

41932 1 

41796 2 

40423 3 

40277 0 
40067 4 

39946 2 

.!♦», -/ 4 P, 
d 4 D 4 -/ 4 P, 
d* D, -/ 4 D 4 
rf*D, -/*D, 
d*D, -/*», 
rf 4 D, /‘Dj 

rf»D, 

~/‘P> 

39911 1 

19835 2 

d 4 D 5 -/‘D, 

rf D, 

-/‘Da 

19734 5 

39671 7 

39470 8 

rf 4 D 4 / 4 D 4 
</‘l> 3 -/ 4 D, 

rf’D 3 

~/‘D< 

19182 0 

39139 l 

19084 7 

39004 0 

</‘P, / 4 P, 

d*V. - / 4 D, 
d 4 Pj - / 4 P, 

<i«P, 

- /‘Pa 

38549 8 

38533 7 

38532 0 

rf‘P, -/ 4 P, 
rf 4 P, -/ 4 P, 


-/*»! 

38405 0 

38301 9 

d *Pj -/n\ 

rf,P ‘ 

-/‘P« 

18211 0 

38004 9 

d* P, -/ 4 P, 

rf*P 4 

/‘P. 

17069 7 

37377 1 

37340 6 

37281 9 

rf 4 7>, / 4 F, 

d 4 D 4 -/ 4 f„ 

</ 4 D, -/ 4 F 4 

d S I>, 

-Z 1 *. 

37210 8 

37106 2 

<i 4 D» - / 4 I, 

| <<‘P* 

- /*p, 

37029 4 

10767 8 

16642 2 

16532 5 

16424 3 

d 4 8, -/ 4 P, 
rf 4 P, -/ 4 D, 
rd«i> 4 -/‘F. 
\d 4 D, - / 4 F, 

fd*v, -/ 4 d 3 
V* 4 P, /*», 

rf‘D, 

- /’F« 

30346 9 

d’P, 

- /‘»a 

36329 0 


d‘ P, 

-/•D. 

30309 5 

36233 2 

16004 4 

10056 8 

36962 0 

<t‘P 3 ~ /‘1>4 

<f 4 P. -f 4 D, 
rf 4 D 4 - /*F S 
rf‘P, — f*0. 

d>J), 

— /‘Fj 

35051 7 

rf 4 P, -/ 4 D a 



15157 5 

d* P, 

-/‘I), 

34856 7 

14456 3 

14049 6 

33934 1 

ft 4 Pj - <i‘S, 

rf 4 S, — /‘Dj 

6 4 P. — rf 4 S. 

d s Dj 

- e »D, 

33866 8 
33092 0 

33596 8 

1 1 

^ 6 

rf»D, 

- «»D, 

33492 5 

33391 1 

d 4 P a — / 4 F 3 

1 d*D, 

- e»D a 
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A Int 


3020 Ofi I 10 

3021 >2 — 

3036 06 I 0 

3064 27 

3074 38 i 10 

3075 27 1 — 

3076 86 I 

3087 11 1 3 

3089 70 2 

3091 87 7 

3092 20 2 

3106 03 1 

3116 04 3 

3147 81 8 

1149 30 4 

3102 74 I, 

3169 49 I 7 

3174 08 | 8 

3180 10 | 7 

3202 84 ; 4 

3269 91 0 

3282 09 3 

3301 13 I 4 

3321 03 6 

1313 07 7 

3380 12 '» 

3416 17 1 

3433 93 b 

3434 93 1 

3442 99 2 

3447 56 6 

3468 71 2 

3474 90 4 

3477 48 1 

3488 07 0 

3026 00 1 

3026 03 4 

3027 98 4 

3628 81 7 

3644 86 2 

1351 OK 7 

3662 43 10 

3387 08 2 

3687 bO 3 

3000 71 7 

3618 26 2 

3620 32 2 

3627 13 1 

3648 41 1 

3660 00 2 

3669 20 0 

3688 86 6 


Table X —(continued) 


Combination* 


33081 4 
12722 8 
12618 1 
32019 I 
32007 1 
12492 0 
32381 0 
12162 6 
32310 0 
12331 7 
12186 0 
12081 6 
11709 2 
31744 0 
11608 9 
31562 4 
11497 7 
11387 1 
31214 1 
30573 0 
10461 3 
10284 0 
1O101 1 
29995 0 
29528 4 
2826 1 7 
29111 1 
29104 9 
29037 8 
28998 7 
28821 1 
28769 6 
28749 6 
281)72 1 
28354 9 
28363 0 
28318 1 
28310 4 
28202 8 
28151 7 
28063 2 
27871 J 
278b6 O 
27764 0 
27631 7 
27576 2 
27602 b 
27401 4 
27115 0 
27246 2 
27101 8 


/rf*P a -f*i\ 
\b*P, -d* S, 
d«D, — f*V 3 


d* P, 

rf‘P, - HP, 
rf 4 D, HP, 


rf‘Pj -/* F, 
It* P, - rf 4 P, 

d‘P, - « *P, 
6*P. - d 4 P, 
rf ‘D 4 - i *P, 


/ 6 *P, - d ‘P, 
\d 4 D, HP, 

6 4 r, - d 4 p, 

6 4 P, - d* P, 
rf *P, - HP, 


I 


j HP, - d 4 s, 
I d 4 P, - * *p a 


d 4 p, - HP, 


r 4 P, — d »P, 

1 d 4 P, HP. 

1 d 4 p,-Hp, 
It 4 P, - d ‘Uj 
6 *P, - d 4 D, 

1 r b 4 Pj hp, 

\e 4 P, - d ‘P, 


{ 


h 4 P, - d 4 I>, 
ft 4 P, - d 4 P, 

r 4 P, - d *1> 
d 4 P, - e 4 P, 
ft 4 P, - d 4 D, 
b*P. - d 4 B. 
HP, - d 4 P, 


d'D, - HD, 
5 »P, d *D, 

d P, * «P, 


} 


b P- - rf'-l*. 
HP, d J P, 
6>Dj - d»P, 
d»P, -e*L> 
d»P, - e*TJj 
d 3 P, -/*P 3 
d*P, -HP, 

d J P, - e 3 1), 


<• P, d 3 P, 
HP, - d‘P 3 

hp , - un\ 

h *P, d* 1), 
PP, - HP, 


d*P HP, 
HP, - d 3 P,, 


t P, - dfP, 
HP, - d‘ D, 
d»P, - HP, 
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Table XI -Classified Lines of Br + f+ 





Combinations 

A 

Int 







Triplets 

Singlets J 

2366 37 

2 

42247 4 

*P. % 

1 

2370 20 

3 

42177 6 



2423 05 

1 

41244 1 



2429 17 

1 

41165 1 

: 

'P - ‘Pi | 

2463 95 

2 

40649 0 

»P. - 


2471 30 

1 

40463 1 



2491 12 

4 

40130 8 



2493 00 

4 

40090 6 



2621 84 


39644 0 



2629 48 

4 

39623 4 

*P, ’Pi 


2601 54 


38428 8 

a P, - »P, 


2626 13 


38066 1 

»P, - >P 0 


2706 04 

2 

36968 3 



2725 07 

3 

36675 2 

*P - Ml, 


2769 71 

2 

36094 8 



2787 00 

2 

36862 8 



2843 69 

2 

36157 9 

*P -’I) 


2934 73 

1 

34066 5 

*P, - *D, 


2943 33 

2 

33966 7 

»P, *1), 


3041 09 

0 

32874 8 

»P, - *11, 


3088 64 

1 

32368 2 

| i | 


eombinations 


*P, - ‘Pi 
»P, - *R. 

‘P, - *P, 

■P. - *P 0 
»P„ - *P, 


»P, - ‘D, 
‘Pi - *l>t 

'Pi - ‘D. 


Table XII —List of Seru s Lines of Br +IV 


A. Int 


2437 20 2 

2293 41 | 3 


41018 2 
43590 I 


Transition 


2N, (Oj <- 0,) 
*S, - ‘Pi 
•H, - ‘P, 


2770 52 
2820 83 
2983 24 


4 36084 2 
4 35440 9 
1 33511 7 


2N, (N,«- 0.) 
>D, - *P, 
*1), - *P, 
*1), - 1 P 1 


Summary 

The lines of bromine in the different stages of ionisation (from Br H to Br +Iv ) 
have been classified by using the data of L and E Bloch and those given in 
Kayser’s “ Handbuch der Spectroscopie ” Additional data have been 
obtained by the author m the region X 4200 to X 7500, and assigned to Br ++ 
Rough values of the ionisation potentials of Br + and Br ++ have been obtained 
They are 19 1 and 25 7 volts respectively The classification illustrates in 
a very convincing way the utility of the extension of the irregular doublet law, 
and the horizontal comparison method of Saha and Majumdar 

In conclusion I wish to express my sincere thanks to Prof Meghnad Saha, 
D Sc , F R S , for his advice and guidance in this work 
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The Kinetics of the Oxidation of Gaseous Benzene 

R Fort and 0 N Hinshecwood, F R S 

{Received January 28, 1930 ) 

Introduction 

Tht comparatively few exothermic gaseous oxidation reactions winch have 
been investigated kinetically nearly all exhibit interesting peculiarities of 
behaviour connected with the existence of the “ chain ” mechanism The 
oxidation of hydrocarbons is an example to which considerable attention is at 
present being given The rate of oxidation is sometimes retarded by an 
increase in the surface of the containing vessel—a fact which points directly 
to the existence of reaction chains -and the relation between the rate and the 
concentrations of the gases is often a remarkable one Thus ethylene is 
oxidised at a speed which is relatively little affected by the oxygen concentration 
but depends upon a high power of the ethylene concentration * Similar 
lelations hold good for acetylene f Tt seemed, therefore, of interest to study 
the oxidation of gaseous benzene, partly to ascertain what would be the 
behaviour of a hydrocarbon of a quite different kind of structure, and partly 
because benzene is a substance of inherent chemical importance 

The results indicate that the oxidation of benzene is a homogeneous reaction 
in which chains play a part, though not so important a part as, for example, 
in the combination of hydrogen and oxygen Kmetieally the reaction res< mbles 
the oxidation of ethylene in many respects In particular, rapid oxidation 
both of benzene and ethylene is markedly favoured by a high concentration of 
the hydrocaibon, and, other things being equal, bva high vatio of hydrocarbon 
to oxygen From this it appears that the primary product of oxidation gives 
rise to chains by reaiting with more hydrocarbon, but not so readilv by 
reacting with oxygen 

This result, which may be of some general significance, suggests that it would 
be interesting to investigate* the oxidation of a substance already containing 
oxygen in its molecule The oxidation of methyl alcohol vapour is therefore 
being studied 


* Thompson and Hinshelwood, ‘ Roy Soo Proc ,’ A, vol 125, p 277 (1929) 
f Kiatiakowaky and Lenher, ‘ Nature,’ vol 124, p 761 (1929) 
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Method, of Expenment 

The method of experiment was similar to that which has already been 
described m connection with previous investigations * Vapour from a small 
bulb containing pure liquid benzene and pure oxygen from a gas-holder were 
admitted at known pressures to a vessel of porcelain or silica, provided with a 
mercury manometer, and maintained by an electric furnace at a carefully con¬ 
trolled temperature in the neighbourhood of 500° 0, where the reaction 
velocity is conveniently measurable The change of pressure at different 
times was then observed When desirable, samples of the reaction products 
were withdrawn into gas holders and transfeiml for analysis to a “Bone 
and Wheeler ” apparatus 


The Products of Oxidation 

The final products consist principally of steam and caibon monoxide with a 
smaller proportion of carbon dioxide In the hght of Bone’s researches! on 
oxidation of aliphatic hydrocarbons the gicat pie ponderance of carbon mon¬ 
oxide over the dioxide sugge sts strongly that the last stage of the reaction is 
the decomposition of formic acid, which at these temperatures decomposes 
more rapidly than it is oxidised (Direct oxidation of carbon monoxide is 
slow ) This decomposition of formic ac id is also the final stage in the oxidation 
of ethylene and acetylene 

In Table I (p 220) it is to be noted that the pioportion of carbon monoxide 
is somewhat, but not guatly, decruised by using a greater ratio of oxygen to 
benzene Little or no decomposition otcuircd in the unpacked bulbs when the 
benzene was heated without oxygen, but the small amounts of “ residue ” are 
probably methane formed by a complex senes of side decompositions Small 
amounts of condensation products were observed, but no caibon The 
possible intermediate stages of the oxidation will be referred to later, but it 
may be said here that hvdroxylation of the double bonds may be assumed to 
occur, followed by rapid further oxidation of the open chain unsaturated 
compounds so produced to a substance like glyoxal The remaining stages 
would then be analogous to the oxidation of acety lenej 

ciio - oo + hcho - co + h oooh -► H a co, 

I 1 * 

OHO CO + H a O 00 2 + II a O 

* 4 J Chem Soc ,’ vol 125 p 393 (1924), Roj Soc Proc ,’ A, vol 111, p 245 (1926), 
vol 118, P 170 (1928) 

t Plame and Combustion in Gases,’ Bone and Townend (1927) 

i Bone and Andrew 4 T Chem Soc ,’ vol 87, p 1232 (1905) 
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Course of the Reaction 

When the benzene and oxygen are admitted to the reaction vessel the 
pressure changes only very Blowly at first, but after an appartnt period of 
induction it rises rapidly The behaviour is shown by the following typical 
examples 

Table II 


&2V 

l,H, 100 mm 
O, 305 mm 


Time 


Increase of 
pressure in mm 


Time 


Increase of 
pressure in mm 


8 

9 

12 

14 


20 

20 

23 

J4 

5 


0 (1 
1 15 

5 17 

8 11 
(1 30 
9 50 
10 30 

10 50 

11 58 

12 45 

13 30 

14 42 

10 12 
18 0 
20 32 
25 10 




The existence of the “ induction pi nod is not so much due to an initial 
inhibition of the oxidation as to the fact that the first oxygenated products are 
formed without any pressure increase, and only the subsequent stages of the 
reaction are shown on the manometer This was shown in the followmg 
way 

100 mm benzene vapour mixed with 250 mm oxygen and 250 mm nitrogen 
were admitted to the reaction vessel at 517° and allowed to react until the 
pressure had increased by 4 per cent of the total change expected The pro¬ 
ducts were withdrawn through a U-tube cooled in solid carbon dioxide to 
remove benzene, and analysed The percentages found were referred back 
by means of the nitrogen percentage to millimetres m the reaction vessel 
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11 4 per cent of the original oxygen had disappeared, and carbon monoxide 
and dioxide had been formed to an extent accounting for about 60 per cent 
of this oxygen The formation with decrease of pressure, of some intermediate 
product containing oxygen therefore compensated largely for the increase due 
to the production of the oxides of carbon This may also explain the phenolic- 
smell which was often observed, but since the partial pressure of this inter¬ 
mediate substance was estimated not to exceed about 5 mm at normal tempera¬ 
ture, investigation of its nature was deferred Further experiments for its 
identification are being made with a different form of apparatus In the 
meantime it suffices from the kinetic point of view to know that there is primary 
oxidation to a product which is possibly phenolic but which does not accumulate, 
being rapidly oxidised further by a mechanism resembling the oxidation of 
ethylene and acetylene 


Influent* of the Concentration* on the Rate of Oxidation 

For a given ratio of benzene to oxygen the late of oxidation inc reuses in a 
remarkable manner with the pressure The length of the ‘ induction period ” 
is however, less influenced than the subsequent stages It will be enough 
to give some typnal figures referring to the central stages of the reaction 
In all the following tables / 10 , f 20 , etc, represent the times required for the 
pressure to increase by 10, 20 per cent, etc of the total increase corresponding 
to complete reaction 


Pressure of benzene 


Pressure of oxygen 


The order of reaction,” calculated in the usual way from these figures 
varies from 3 to over 4 This does not mean that each primary act of chemical 
change depends upon the collision of three or four molecules, since the order 
is not constant and is also improbably high for a simple gaseous reaotion 
The explanation is probably that we are dealing with a chain reaction, 
and the “ high order ” depends upon the product of several probabilities m 
the following way The primary act initiating tin chain may depend on the 
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square of the pressure, and the probability that the chain shall be continued 
vanes with the pressure again according to a complex law 
The concentration of benzene is much more important than that of oxygen 
Its influence is shown bv some of the curves m the figure Many senes of 
experiments were made The considerable amount of numerical data are 



difficult to reproduce, and only summaries will be given The method of 
summarising will first be illustrate d by an example Curves are plotted for all 
the experiments in the series Tin times required for the leaction to reach 
certain definite stages are then tabulated as follows 


Initial oxygen pri ssure constant — 300 mm 


Initial 
pressure of 
benzene 

Total pressure 
morease at 
oompletion 

lune 

in minutes for the into real- 


0-20 
per cent 

20-40 
per cent j 

40-60 
p. i oent 

1 

i 60 *80 

| per cent 

150 

1 

136 

5 0 

0 55 

0 50 

| 0 85 

100 

; 128 

8 1 

2 35 

2 10 

3 65 

50 

83 

12 4 

6 25 

5 30 

0 45 
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Taking all the intervals for the 160 mm experiment as unity the following 
table of relative values is drawn up — 


Relative 

benzene 

pressure 

Relative times 

Average ' 
excluding 
0-20 
per cent 

Relative 
reciprocal 
of average 
time 

0-20 

20-40 
per cent 

40-60 
per cent 

1 

60-80 
per cent 

3 

1 

1 

1 

1 

1 

10 4 

2 

1 62 1 

4 27 

4 20 

4 30 

4 25 

2 45 

1 

2 48 

9 55 

10 60 

11 1 

10 4 

1 


It will be observed that, after the first, the ratios for each interval are nearly 
enough the same for them to be averaged A threefold change in pressure thus 
produces a tenfold change m the time except for the first interval, in which 
only a 2 6-fold change is produced These experiments were made in a porce¬ 
lain bulb A second senes made in a sibca bulb at the same temperature, 
627°, yielded almost identical results 


Initial oxygen pressure — 300 mm 


Initial pressure of benzene, mm 
Relative reciprocal times for 

150 

125 

100 

75 

interval 0-10 per cent 

Relative reciprocal times for aver 

3 9 

3 9 

2 6 

1 2 

age of later intervals 

10 2 

5 7 

1 1 

2 3 


The influence of oxygen is a little more complicated, and depends upon the 
benzene pressure With 100 mm benzene at 627° the following results were 
obtamed - 


Pressure of oxygen, mm 

450 

400 

300 250 

200 

Relative reciprocal times for average 
of intervals 20-40 per cent, etc 

0 79 

0 61 

0 45 0 61 

1 


Thus at first addition of more oxygen has virtually a retarding influence, 
which, however, is later followed by an accelerating influence Since the rate 
of reaction is very sensitive to the benzene concentration, the initial retardation 
by oxygen is probably to be regarded as a function of the reduction in the 
ratio C 8 H fl /0 2 rather than of the absolute increase in the oxygen For practical 
reasons the highest pressure of oxygen in the above series was only 4 6 times 
that of the benzene With 60 mm benzene and ratios up to 10 it could be 
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shown that there was a steady increase of rate with oxygen pressure at the 
higher ratios 

Pressure of oxygen in mm 500 400 300 200 100 

Kelative reciprocal times 05 62 40 16 1 

The influence of oxygen pressure on the “ induction period ” was much 
smaller than the above 

These results suggest that as m the oxidation of ethylene the primary oxida¬ 
tion product gives rise to chains if it encounters more hydrocarbon, but to 
non-chain oxidation if it reacts further with oxygen 


Influence of the Surface of the Vessel and the Presence of 
Foreign Gases 

The rate of reaction is nearly the same m porcelain and m silica bulbs, 
and also in a silica bulb filled with cylindrical tubes with a surface several 
times greater 


Percentage change 
Time in porcolain bulb (minutea) 
,, silica bulb 
,, tube packed silica bulb 


5 

4 2 


3 8 


9 76 
10 4 
10 15 


60 

IX 05 
12 7 
12 4 


14 3 
10 2 

15 6 


The “ induction period ” is somewhat shortened by the packing, but other 
wise the surface has very little influence Thus we may conclude that the 
part played by the walls m breaking chains is a small one, and that therefore 
the chains are probably short 

When a sihea bulb was used which was completely filled with small spheres 
of silica possessing a very large suiface indeed, an abnormal reaction pre¬ 
dominated The results were erratic, there was decomposition of the benzene 
the proportion of carbon dioxide was increased (Table I), and the total rate of 
reaction was decreased, temperatures about 40° higher having to be employed 
to obtain rates comparable with those found m the other bulbs 
The influence of foreign gases on the rate of combination of hydrogen and 
oxygen is very marked indeed In the reaction of ethylene and oxygen their 
influence is very much smaller With benzene and oxygen the addition of an 
equal volume of nitrogen or argon caused an acceleration of about 20 per cent 
only 


von. oxxvh —▲ 
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Influence of Temperature 


Except for the induction penod all parts of the curve are affected by tempera¬ 
ture to the same extent Therefore the times required for the change to proceed 
from 20 to 80 per cent are typical of the whole curve For 100 mm C e H# 
and 300 mm 0 2 we find - 


Temperature 


3 8 1 60 

4 1 2 87 

7 1 5 00 

9 8 1 10 3 

1<> 3 18 0 


When log t i0 -so is plotted against 1 /T a h« the values he fairly accurately on 
a straight line, the slope of which corresponds to a “ heat of activation ” of 
81,000 calories Ihe Amo values give 51,000 calories onlj For the corre¬ 
sponding experiments with 100 mm benzene and 450 mm of oxygen the 
values are 82,000 calones and 50,000 calories respectively With 75 mm 
benzene and 225 of oxygen the t_ U -so line is curved, corresponding to a value 
of the “ heat of activation ” roughly equal to that for the other curves at 
higher temperatures and falling markedly at lower temperatures 

These values of E, the h<at of activation, are illuminating A bimolecular 
or termolecular reaction which eould proceed at the speed of the benzene 
oxidation in the same region of temperature would not have a heat of activa¬ 
tion greater than about 50,000 calorics, unless it depended on a chain 
mechanism * The E corresponding to the induction period is actually of this 
order of magnitude The much greater value corresponding to the later 
stages can arise m two ways Either it represents the true heat of activation, 
the acquiring of which at the necessary rate by the molecules becomes possible 
owing to the existence of chains of great length , or it is only an apparent 
value, expressing the fact that not only the pnmaiy rati of reaction increases 
with temperatures, but also the chain length This latter factor may vary 
from a number of causes, including the existence of “ secondary ” activation 
as postulated by Semenov f From the small influence of the surface on the 
rate of reaction it seems probable that the chains are not of groat length Thus 

* Hinshelwood, ‘ Kinetics of Chemical Change in Gaseous Systems,’ 2nd od , ohap 3 
(1029) 

t ‘ Z Phys Chem ,’ B, vol 2, p 161 (1929) 
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the second hypothesis is to be preferred, namely that the abnormal tempera¬ 
ture coefficient of the main stages of the reaction depends upon a variable 
chain length 

Summary 

The oxidation of gaseous benzene is a predominantly homogeneous reaction 
The first products are formed without pressure increase, and then oxidised 
further, by a mechanism rather closely resembling the oxidation of ethylene 
or acetylene, probably to glyoxal, formaldehyde and formic acid The final 
products are steam and carbon monoxide with a smaller proportion of carbon 
dioxide 

The rate of reaction varies according to a high power of the benzene con¬ 
centration , and a high ratio of benzene to oxygen favours rapid oxidation 
Over a certain range, increase m the oxygen concentration may retard the 
reaction, though in another range the rate increases with the oxygen concen¬ 
tration 

It appears probable that comparatively short reaction chains are propagated, 
the variation m the length of which gives rise to the abnormal influence of 
temperature and pressure on the velocity From the much greater sensitiveness 
of the rate to benzene concentration than to oxygen concentration it is con 
clhded that chains are propagated more readily when the initial oxygenated 
product encounters another molecule of hydrocarbon than when it ib oxidised 
further by oxygen These results are analogous to those found in the oxidation 
of ethylene, and have suggested the investigation of the oxidation of a substance 
such as methyl alcohol, already containing oxygen in its molecule 
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The Conductivity of Thiocyanates m Methyl Alcohol 
By Augusta Unmack (Ramsay Memorial Fellow), D M Murray-Rust, and 
Sir Harold Hartley, F R S 

(Received February 6, 1930 ) 

This investigation is a continuation of the work of Frazer and Hartley* on 
the conductivity of uni-univalent salts in methyl alcohol, which dealt mainly 
with the halides and nitrates of the alkali metals The thiocyanates are a 
particularly important class of salts in the investigation of non aqueous 
solutions, as the thiocyanates of the alkali metals are soluble in a number of 
solvents, while many of the corresponding salts of other acids are too sparingly 
soluble to admit of investigation They thus afford an opportunity of com 
paring the behaviour of ions of tho alkali metals in various solvents and of 
determining their mobilities The thiocyanates of many of the divalent metals 
are soluble also, but their preparation m an anhydrous condition is much 
more difficult 

Since the publication of Frazer and Hartley’s paper Onsager has modified 
the Debye Huckel theory of the conductivity of electrolytes by taking into 
account the Brownian motion of the ions, thereby bringing it into much closer 
agreement with experimental results In water the agreement is good both 
for urn-univalent and di-univalent electrolytes, and Onsager used Frazer and 
Hartley’s results to show how well his equation represented the behaviour 
of uni-univalcnt electrolytes m methyl alcohol t In this solvent, however, there 
are systematic deviations between the calculated and observed values of the 
conductivities, which indicate that association between the ions increases 
with the atomic number of the alkali metal This has been confirmed by the 
results described in this paper and an explanation is discussed later 

Tho results wo have obtained with univalent cations are in general agreement 
with Onsager’s theory, and with the exception of lithium they confirm thi 
values for the mobilities of the ions found by Frazer and Hartley The thio¬ 
cyanates of the divalent metals show much greater deviations from theory 
and it is clear that a considerable amount of association occurs even m very 
dilate solutions of the alkali earth metals, while the thiocyanates of zinc and 
cadmium behave as weak electrolytes in methyl alcohol 

* ‘ Roy Soo Proo ,* A, vol 109, p 351 (1925) 
t ‘ Trans Faraday Soo ,’ vol 23, p 341 (1927) 
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Preparation of Materials and Solutions 
Methyl Alcohol —This was prepared as described by Hartley and Raikes* , 
the water content, determined by viscosity measurements, was usually less 
than 0 05 per cent 

Salts The thiocyanates of the alkali metals were prepared from the 
carbonate or fiom a solution of the hydroxide by boihng with a solution of 
ammonium thiocyanate , the divalent thiocyanates were prepared from the 
carbonates either by this method or by treating them with a dilute solution of 
thiocyame acid This was freshly prepared before use by distilling a mixture 
of GO grams of potassium thiocyanate in 100 c c of water and 250 o c of a 
25 per cent solution of phosphoric acid (sp gr = 1 15) m hydrogen under a 
presstiie of about 20 mms As some of the thiocyanates show signs of decom¬ 
position when heated in air, all the salts were dnod to constant weight out of 
contact with air 

Lithium thiocyanate was prepared from pure lithium carbonate, the con¬ 
centrated aqueous solution being allowed to crystallise in an evacuated desic¬ 
cator over phosphorus pentoxide It was dried to constant weight in nitrogen 
at 110° C in a Richards bottling apparatus 
Sodium thiocyanate, prepared from the carbonate, was recrystallised either 
from methjl alcohol or from acetone and dried m nitrogen at 110° C 
Potassium thiocyanate was prepared from a B D H sample by recrystallisa- 
tion from ethyl alcohol and was dried to constant weight at 110° 0 in nitrogen 
Rubidium Thiocyanate —A solution of rubidium hydroxide was prepared by 
treating a solution of the chloride with excess of silver oxide The solution was 
filtered and boiled with a solution of ammonium thiocyanate The rubidium 
thiocyanate was rccrystalhsed from ethyl alcohol and dried in an evacuated 
desici ator over phosphorus pentoxide 

Caesium thiocyanate was prepared from the carbonate, recrystalhsed from 
methyl alcohol and dried in nitrogen at 110° C 
Ammonium thiocyanate was prepared from a B D II sample by rccrystal- 
lisation from ethyl alcohol and was dried in an evacuated desiccator containing 
phosphorus pentoxide and caustic potash 
Barium, strontium and zinc thiocyanates were prepared from the carbonates 
and dried in nitrogen at 110° C 

Calcium, magnesium and cadmium thiocyanates decompose on heating and 
were dried to constant weight in vacuo over phosphorus pentoxide It was 


‘ Tran* Chem Soo p 524 (1925) 
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not found possible to obtain anhydrous samples of calcium and magnesium 
thiocyanates by this method The salts were analysed when constant weight 
was reached and were found to have the compositions Ca(CNS) 2 2H a O and 
Mg(CNS) a 4H 2 0, and samples of this composition were used for making the 
solutions The amount of water added to the solvent by this procedure is 
negligible m dilute solutions 

All solutions were made up by weight, the concentration being checked by 
titration with silver nitrate after each senes of measurements m order to make 
sure that no decomposition had taken place 

Measurement of Conductivity 

The experimental procedure was the same as that described by Frazer (loc 
at ), except for the modifications m the measurement of resistance described 
by Murray-Rust and Hartley* successive additions of salt solution were 
made to a known weight of solvent contained in a cell of the pattern described 
by Hartley and Barrett f Tho resistance was determined after each addition 

Expenmental Remits 

The following table gives the values of the equivalent conductivity at various 
concentrations The values of tho concentration in gram equivalents per 
litre were calculated by assuming the density of the dilute solutions to be the 
same as that of the pure solvent, D“£ — 0 780 i The cell constant, deter¬ 
mined by measuring the conductivity of aqueous solutions of potassium chloride 
at 18° C, was 0 03411 7 The solvent correction was applied by subtracting 
the specific conductivity of the solvent from that of the solution in each case 

Different samples of salt were generally used for the various series of measure¬ 
ments as shown in the first column of the table , if the method of drying 
differed from that described above, it is mentioned This column also 
gives the mean values of A 0 and x for those salts which obey the relation 
A 0 — x Vc 

Column 2 gives the specific conductivity of the solvent w reciprocal 
megohms, column 3, the value of i X 10 4 where c is the concentration in 
gram equivalents p< r litre , column 4, the value of 100\/ c , column 5, the 
observed equivalent conductivity, A c , column 6, the difference, D, between 
the observed value of A* and that calculated from the given values of A 0 
and x 

• ‘ Roy 8oc Proc A vol 126, p 84 (1929) 
t * Trane Chem 8oc p 789 (1913) 
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k 

cxlC 

100 Vc 

A< 

D 

Lithium thiocyanate — 






Sample I 

0 001 

0 7783 

0 882 

99 64 

-0 03 


1 4008 

1 211 

98 07 

-0 06 



2 0917 

1 641 

97 66 

-0 10 



4 5650 

2 137 

96 19 

-0 21 



0 3716 

2 524 

95 33 

-0 09 



8 8561 

2 976 

94 33 

+0 06 

Sample I 

0 044 

0 9030 

0 950 

99 21 

-0 19 

1 8978 

1 378 

98 20 

-0 11 


3 5180 

1 870 

96 93 

-0 11 


(! 3082 

2 512 

95 30 

-0 14 


1 H 8482 

2 976 

94 18 

-0 04 

1 

H 7015 

3 421 

93 03 

-0 11 

Sample II 

0 044 

1 8375 

1 350 

98 47 

+0 09 

(lined over P,O t Concentration 


3 2358 

1 799 

97 31 

+0 00 

determined by titration.) 


6 5968 

2 568 

96 37 

+0 09 

11 2383 

3 352 

93 48 

+0 10 


15 3451 

3 917 

92 17 

+0 28 

Addition of 0 22 per cent water 

15 312 

i 913 

01 85 

- 

A, = 101 8 
* = 253 

| 




Sodium thiocyanate — 






Sample 1 

0 042 

1 5894 

1 201 

103 80 

+0 02 


3 2950 

1 816 

102 31 

-0 00 



5 4567 

2 336 

100 90 

-0 14 



8 7215 

2 963 

99 37 

-0 10 



11 8988 

3 440 

98 20 

-0 01 



10 4174 

4 052 

96 67 

0 00 

Sample II 

0 058 

1 4595 

1 208 

103 96 

-f 0 03 


1 1130 

1 704 

102 51 

+0 01 



5 0004 

2 307 

100 96 

-0 01 



8 9475 

2 991 

99 34 

-0 03 



12 3223 

3 510 

98 03 

-0 02 



17 7114 

4 208 

90 46 

+ 0 18 

Sample I (recryBtallined) 

0 058 

1 7222 

1 312 

103 80 

d 0 14 


3 3880 

1 841 

102 40 

+0 09 

A, = 107 0 


5 9312 

2 435 i 

100 88 

+0 09 

* = 265 


9 0128 

3 100 

99 12 

h0 03 



13 0618 

3 607 

97 84 

(-0 04 



17 0166 

| 4 197 

90 70 

+0 40 

Potassium thiocyanate — 






Sample I 

0 086 

1 2218 

1 105 

111 46 

-0 10 

2 5435 

1 595 

110 24 

f 0 02 



4 9292 

2 220 

108 67 

+0 08 



7 7231 

2 770 

107 05 

+0 03 



11 9297 

3 454 

106 23 

+0 03 

Sample 11 

0 110 

l 4001 

1 183 

111 23 

-0 11 


2 4813 

1 576 

110 20 

-0 OS 



4 2057 

2 051 

108 96 

-0 04 



6 2455 

2 499 

107 75 

-0 03 



8 5185 

2 919 

106 73 

-0 08 



11 6718 

3 416 

106 37 

+0 06 
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k 

exlO* 

lOOVe. 

A, 

D 

Potassium thiocyanate —(oontd )— 






Sample I 

0 043 

0 7019 

0 807 

112 14 

-0 06 

(Dried over P,0, »n vacuo) 


1 4370 

1 199 

111 28 

-0 01 


3 2790 

1 811 

109 06 

+0 01 

A. » 114 5, 


5 3077 

2 316 

108 30 

+0 02 

* -= 268 


7 1821 

2 080 

107 29 

0 00 



9 3760 

3 062 

106 27 

+0 01 

Rubidium thiocyanate — 






Sample I 

0 040 

0 7821 

0 884 

116 76 

-0 10 


1 0829 

1 204 

114 82 

-0 03 



2 9200 

1 709 

113 67 

-0 06 



4 9107 

2 216 

112 10 

-0 08 



0 8124 

2 010 

111 12 

-0 06 



9 3438 

3 067 

109 80 

-0 IT 

Addition of 0 6 per oont watei 


9 298 

3 049 

108 43 

- 

Sample I 

0 033 

0 0010 

0 743 

110 05 

-0 19 


1 0248 

1 276 

114 72 

-0 07 



3 6980 

1 923 

113 09 

-0 03 



5 3634 

2 314 

112 07 

+0 09 



7 3070 

2 714 

111 04 

+0 14 



10 4806 

3 238 

109 63 

+0 16 

Sample 11 

0 033 

1 2723 

1 128 

116 37 

+0 18 


2 0190 

1 687 

114 09 

4-0 14 

A. - U8 2, 


4 8700 

2 207 

112 35 

+0 08 



7 8074 

2 794 

110 08 

ft 00 

x » 271 


10 6090 

3 261 

109 60 

-0 00 



14 7666 

3 843 

107 83 

4-0 01 

Caesium thiocyanate — 






Sample I 

0 042 

0 8002 

0 896 

120 42 

-0 00 



1 5848 

1 259 

119 30 

-0 07 



2 9875 

1 729 

117 94 

0 00 



4 6641 

2 137 

116 04 

-0 00 



6 3271 

2 615 

116 48 

-0 97 



8 9478 

2 991 

114 07 

-0 04 

Sample II 

0 027 

0 7423 

0 862 

120 40 

-0 09 


1 4094 

1 187 

119 69 

0 00 



2 5000 

1 681 

118 43 

4-0 04 

A, *= 123 2 


5 0436 

2 240 

116 40 

4-0 09 


0 6427 

2 668 

116 44 

4-0 02 

x = 304 


8 0794 

2 940 

114 33 

4-0 09 

Ammonium thiocyanate — 






Sample I 

0 034 

1 7780 

1 334 

116 11 

4-0 IS 


3 4906 

1 870 

113 67 

4-0 09 



0 8002 

2 609 

111 60 

4-0 08 



10 1006 

3 179 

109 93 

4-0 10 



12 0320 

3 640 

108 90 

4-0 08 

Sample II 

0 036 

1 1032 

1 060 

115 70 

-0 08 


2 6061 

1 601 

114 15 

-0 08 

A. = H8 7 


5 2049 

2 281 

112 80 

-0 04 



8 4962 

2 914 

110 39 

-0 18 

x - 270 


11 3791 

3 373 

109 23 

-0 06 
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Ao 


D 


Calctum thiocyanate — 

Sample I 

(Druid in nitrogen at U0 C Slight 
decomposition , concentration 
determined by titration) 


0 053 


2 310 

3 889 
0 815 

10 890 
16 016 
21 924 


1 520 

1 972 

2 811 
3 300 

3 875 

4 682 


100 80 
94 68 
87 11 
80 39 
75 66 
70 22 


Sample II 0 Oil 

(Ca(CNS), 2H,0) 


Addition of 0 15 por cent watei 
A 0 =122 (approx ) 


Strontium thiocyanate — 
Sample t 


1 4771 

2 7974 
6 5787 
8 6437 

12 0245 
17 3011 
17 335 


1 2921 

2 4556 
4 1672 
7 2636 
9 7491 

12 5060 


1 215 

1 673 

2 362 

2 940 

3 468 

4 167 
4 164 


l 137 

1 667 

2 041 

2 696 

3 122 
3 636 


105 42 
98 87 
90 11 
83 92 
79 06 

73 69 

74 63 


110 80 
106 34 
101 53 
95 44 
91 76 
88 56 


Sample 11 

Ao = 122 (approx ) 


Barium than t/anatc — 
Sample I 


0 091 


0 041 


3 

5 

7 

10 


9291 

7331 

3746 

4434 

3494 

0699 


1832 1 

3619 1 

0062 2 

6311 2 

2397 3 


96 


28 

71 

47 

64 

13 

31 


Sample T (recrystallwd) 


0 013 


0 4948 

1 1073 

2 0649 
I 6037 
4 9569 
7 1208 


0 703 
l 052 
1 437 

1 914 

2 226 
2 668 


116 46 
113 72 
110 32 
106 16 
103 47 
99 86 


Sample 11 


Ao — 122 6 (approx ) 


0 068 


0 4382 

1 2762 

2 7190 
6 0646 
6 0691 
8 7769 


0 662 
1 129 

1 649 

2 248 
2 464 
2 963 


116 45 
112 92 
108 49 
10J 19 
101 47 
97 66 


HagncMum thiocyanate — 
Sam pit I 


0 063 


1 1127 

2 2530 
4 8601 
8 6749 

11 6667 
16 2163 


1 065 
1 601 

2 206 

2 928 

3 399 

4 027 


98 82 
89 80 
78 73 
70 48 
66 34 
61 90 
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Discussion of Results 


Um-univcUent Salts —The results plotted in fig 1 show that the fall m the 
equivalent conductivity is proportional to y/c m accordance with theory 
Table II gives the values of A„, and of “ x ” the observed slope of the 
conductivity curve, and also of the theoretical slope calculated from Onsager’s 
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equation, which for uni-univalent electrolytes in methyl alcohol at 25° C 
reduces to the form 

A c = A 0 - (0 957 A 0 + 158 l)Vc 

The last column of the table (p 236) gives the values of A the percentage 
deviation of the observed values from theory , A = 3 ^ <l ? ■— c - X 100 

The values for the chlorides and nitrates found by Frazer and Hartley are 
moluded in the table for purposes of comparison It will be seen that m each 
senes the value of “ x ” for the lithium salt is slightly less than the theoretical 
value, and that the difference between the observed and calculated values of 
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Table II 


Salt | 

A*- | 

x uM 

r 1 

A 

Salt 

A. 


Xoalc 

- 

LiCNS 

101 8 

263 

256 

- 1 

KC1 

105 0 

261 

258 

+ 1 

NaCNS 

107 0 

266 

260 

- 2 

RbCl 

108 6 

281 

262 

+ 7 

KCNb 

114 0 

268 

268 

O 

ChCI 

113 b 

293 

267 

+ 10 

RbCNS 

118 2 

271 

271 

0 






C*CN8 

123 2 

304 

276 

+ 10 

LiNO, 

100 2 

250 1 

254 

- 2 

NH 4 CNS 

118 7 

270 

271 

+ 3 

NaNO, 

106 4 

288 

260 

+ 1 





KNO, 

114 6 

345 

208 

+29 

LiCl 

00 0 

224 

245 

- 9 

RbNO, 

118 1 

355 

273 

-4 30 

NaCl 

06 0 

230 

260 

- 8 

CaNO, 

122 9 

379 

276 

+ 37 


the slope increases with the atomic number of the metal, showing a greater 
tendency to ionic association m the case of the heavier cations 
Both Bjerrum and Fajans have suggested reasons for ionic association such 
as we probably have to deal with there Bjerrum* has pointed out that if the 
radii of the solvated cations and anions are less than a certain limit, the 
probability of association to form aggregates which contribute nothing to the 
conductivity of the solution is greatly increased Fajansf from a more 
chemical standpoint has emphasised the increasing tendency to form com¬ 
plexes m the case of small cations and large anions, since these conditions are 
most favourable for the deformation by the cation of the electron orbits of 
the anion until a co-valent linkage is produced In the series of salts of the 
alkali metals such as we are considering, it is easy to decide which of these two 
causes is operative, as on the Bjerrum hypothesis the fast moving caesium ion 
should show the greatest amount of association, while on the Fajans’ theory it 
should be the lithium ion, since in the unsolvated condition this is the smallest 
of the ions of the alkali metals In all three Benes of salts the lithium ion 
appears to be the least associated, leading to the conclusion that in dilute 
solutions of methyl alcohol the size of the solvated ion is the factor which 
determines the ionic association, in accordance with Bjerrum’s view It is 
only fair to add, however, that m some other solvents the reverse behaviour 
is found to exist, showing that either mechanism can be operative according 
to the nature of the solvent The relative importance of the two effects may 
also alter with change of concentration GiintelbergJ has shown that in 
0 1 N solutions of chlorides of the alkali metals in water, lithium chloride has 
the smallest activity coefficient indicating the greatest ionic interaction 
* ‘ K. Danske Vid Selsk Mat fys , vol 7, No 9 (1926) 
f ‘ Z Physik,’ vol 23, p 1 (1924) 

} ‘Z Phye Chem ,* vol 123, p 199 (1926) 
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The Mobility of the Thiocyanate Ion —Values of 1 0 for the thiocyanate ion 
are given m Table III, the mobilities of the ions of the alkali metals being taken 
from the results of Frazer and Hartley and that of the ammonium ion from 
measurements by us of ammonium perchlorate and nitrate which will be 
published short Ij 

Table III 


1, (oation) 
1« CNS- 


LiCNiS 

NaCNS 

KCNS 

RbCNS 

CsCNS 

NH«CNS 

~~ 

101 8 

107 0 

114 6 

118 2, 

123 2 

118 7 

39 (1 

46 7 

63 8 

57 4 

62 3 

67 9 

62 2 

(. { 

60 7 

60 8, 

60 fl 

60 8 


The value of 1 0 obtained from lithium thiocyanate is clearly too high and is 
omitted from the calculation of the mean value Lithium thiocyanate is 
extremely hygroscopic and therefore difficult to dry, and it is possible that 
slight decomposition took place during drying The mean value of the 
mobility of the CNS' ion calculated from the other results is 60 9 
Di-univalent Salts —The results for these salts are shown in hg 2 The 
salts fall into two groups the thiocyanates of barium, strontium calcium and 
magnesium, which are largely dissociated m dilute solution, and the thio¬ 
cyanates of cadmium and zinc, which are weak electrolytes The conductivity 
curves for the first group approximate to straight lines in dilute solutions and 
their slopes in this range are compared in Table IV with those calculated from 
the Onsager equation, which for di-umvalent salts in methyl alcohol at 25° C 
reduces to the form 


a a a Kh° + A 0 ) 

1 + VlAJW + A 0 ) 


A 0 + i 


>Bj y/Hc, 


where is the mobility of the univalent ion 


Table IV 


Salt 

A. 

U (cation) 


*f»!o 

Mg (CNS), 

120 

69 

2000 

645 

Ca(CN8), 

122 

61 | 

1400 

660 

Sr (CNS), 

1 122 

61 

980 

560 

Ba(CNS), 

122 5 

61 5 

860 

662 
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The slopes are all much greater than the theoretical values, indicating that 
there is a considerable tendency to association, which decreases with increase 
of atomic number of the metal Table IV mcludes also approximate values 
for A 0 for these salts and for the mobihties of the alkali earth metals obtained 
from them, which agree within the limits of error with those found from the 
investigation of other salts The small number of experimental points m the 
short range of concentration over which the linear relation is obeyed makes the 
extrapolation uncertain, and in the case of calcium and magnesium thio¬ 
cyanates it must be remembered that the solutions were made up with the 
hydrated salt There is a possibility too that the results are complicated by 
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alcoholysis since the measurements of Bjerrum and Zechmeister* indicate that 
the first dissociation constant of magnesium methylate m methyl alcohol is 
10~ 4 , so that the second dissociation constant must be much smaller Also 
Murray-Rust and Hartley (loo at ) have shown that thiocyamc acid has a dis¬ 
sociation constant of 0 45 >£■ 10 -4 in ethyl alcohol, and by analogy with other 
acids it is probably weak also in methyl alcohol Nevertheless it is dear 
that the presence of the double charge on the divalent ion greatly increases the 
tendency to association in methyl alcohol 

The Change m Conductivity Produced by Small Quantities of Wato 
Small quantities of water were added to the cell at the conclusion of an 
experiment with a few of the salts, and Table V gives the resulting ohange in 
conductivity 

Table V 


bait 

• 

! 

Per oent 
water 

Ar before 

water addition 

A- (corrected 
for dilution and 
viscosity ohange 
due to water) 

A. after 
water addition 

LICNS 

0 0010S4 

i ° 22 1 

92 17 . 

91 16 

91 86 

RbCN8 

0 000934 

0 60 

109 80 

107 06 

108 43 

Mg (CNS), 

0 000132 

0 001660 

0 14 

0 20 

96 86 

62 37 

96 18 

01 66 

98 26 

66 10 

Ca(CNS), 

0 001736 

0 16 

73 69 

73 14 

74 63 


The addition of 0 1 per cent of water increases the viscosity by 0 4 per 
cent and should therefore lower the conductivity by this amount if no other 
changes took place By comparing the values of A e in column 5, which are 
corrected for the dilution and the change in viscosity on addition of water, 
with the observed values in the last column, it will be seen that the small 
quantities of water lower the conductivity of the um-umvalent salts though 
to a lesser extent than would be accounted for by the change m viscosity 
With the two di-univalent salts, however, the conductivity is raised consider¬ 
ably, indicating that the degree of association is diminished by the presence of 
a small amount of water 


* ‘ Ber Deutach Chem Gea vol 66 , p 894 (19*3) 
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Summary 

1 The conductivity in methyl aloohol at 25° C of solutions of the thio 
cyanates of six univalent, and six di valent cations has been measured over a 
range of concentration from 0 0001 N to 0 002 N 

2 The results for the univalent cations, like those of Frazer and Hartley, 
are m good agreement with the Debye-HGckel-Onsager theory and indicate 
that in the senes of the alkali metals the tendenoy to ionic association in dilute 
methyl alcohol solution increases with increasing atomic number 

3 The mobility of the thiocyanate ion is found to be 00 ( ) 

We wish to express our thanks to the Government Grants Committee of 
the Royal Society, and to the Directors of Imperial Chemical Industries Ltd 
for grants which defrayed the cost of part of the apparatus used in this 
investigation 


Discussion on Catalytic Read ions at Ihqh Pressure 

(March 20, 1030 ) 

Prof G T Morgan The study of catalytic reactions under high pres 
sure began with the systematic development of organic chemistry and more 
especially in connection with the preparation of intermediates required in the 
production of synthetic colouring matters 

The General Use of Pressure m Chemical Synthesis 

Pressure is employed as an aid to chemical reactions for one or both of the 
following reasons — 

1 Pressure diminishes the volatility of chemical reagents, thus retaining 
them in the liquid phase even when the chemical reactions involved take place 
at temperatures above the boiling points of these reagents under atmospheric 
conditions 

2 Pressure brings about a greater concentration of gaseous reagents, thus 
facilitating their interaction, especially m those cases where chemical change is 
accompanied by a decrease m volume of the gaseous phase Chemical processes 
conducted under pressure are usually accelerated by raising the tempera¬ 
ture but by employing a catalyst it is often possible to avoid unduly high 
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temperatures The present survey refers exclusively to pressure reactions 
facilitated by catalysts 

I Catalytic Pressure Reactions with Volatile Liquids 

A famihar example of this typo of reaction is the hydrolysis of fats and oils 
to glycerol and fatty acids by water under pressure Water alone will effect 
this hydrolysis, but at the high temperature required the fatty acids nro partially 
decomposed The addition of about 3 per cent of a base, calcium hydroxide, 
magnesia or zmo oxide facilitates the change catalytically so that it occurs 
at much lower temperatures, such as 170° under a pressure of 8 atmospheres 
In this example the volatile reagent is water which acquires more intense 
chemical properties at high temperatures 

The two following examples of general reactions relate to the production of 
coal tar mtermediates 

1 Alkylation of Aromatic Amines —The alkylation of aioinatic bases is 
both of scientific interest and of industrial importance An outstanding example 
is the manufacture of dimethylamkne by heating aniline with methyl alcohol 
in the presence of a small amount of sulphuric acid This operation is con¬ 
ducted in large autoclaves at 230°, the pressure developed being 30 to 40 
atmospheres 

In tins example both reagents may be regarded as volatile, although the 
high pressure attained is due mainly to methyl alcohol and to a gaseous by¬ 
product, dimethyl ether 

A more recent procedure patented by Knoll & Co (D R -1’ 260,236) brings 
out clearly the catalytic nature of this process Aniline (93 parts), mithyl 
alcohol (96 parts), and 1 part of iodine are heated under pressure at 230° 
when a practically quantitative yield of dimethylamline is obtained 

The reaction is a fairly general one, methyl alcohol may be replaced by 
other alcohols and aniline by other aromatic primary bases 

[H 2 S0 4 J 

C,H S NH a + (x + 2)CH a OH-► C«H 6 N(CH S ) 4 + ®CH 8 Oil + 2II a O 

[IJ 

2 Interconversion of Naphthols and Naphthylamtnes —When heated at 
200° under pressure (60-60 atmospheres) with ammonia in presence of zinc 
or calcium chloride, (3-naphthol is converted into (3-naphthylamme (about 
70 jper cent yield) This catalytic process is not entirely satisfactory and has 
been superseded by another method of wider application which is named 



242 


G T. Morgan 


after its discoverer—the Bucherer reaction * The catalyst m this process 
is ammonium or sodium bisulphite and the reaction is clearly reversible, for 
it can be employed either m converting naphthols into naphthylamines or 
conversely in transforming the latter into the former A high concentration 
of ammonia favours the production of amines whereas the presence of excess 
of water leads to the reverse change of amine into naphthol 

[NaHSOJ 

R OH + (x + 1)NH. + yH,0 — R NH a + arNHa + (y + l)H a O 

The temperatures and pressures required vary somewhat with the nature 
of the aromatic radical R The conversion of fi naphthol into [3-naphthyl- 
amine requires a temperature of 160° with a pressure of approximately 
5 to 6 atmospheres (D R P 117,471), and the yield is 85 per cent 

In the foregoing examples tho catalysts are of electrolytic character and 
recall Prof Armstrong’s theory of “ reversed electrolysis,” a generalisation 
which postulates the intervention of an electrolyte in chemical interactions 
between two pure substances 

These examples also support the explanation of catalysis based on the 
transitory formation of intermediate compounds In this connection the 
bisulphite reaction is noteworthy, for it is applicable generally to those phenols 
(resorcinol and the naphthols) which can function readily in their tautomeric 
ketomc forms and to those amines (the naphthylanum s and benzenoid meta- 
diammes) which can behave as ketimmes With these tautomeric modifications 
the bisulphites unite to form additive compounds HO R" S0 3 NH d and 
NH 2 R" SOjNa, whereupon exhaustive animation of the former or hydroxy 
lation of the latter yields the corresponding amine or phenol respectively 


II Concentration of the Gaseous Phase 
The commercial exploitation of the foregoing and other high pressure 
reactions led to considerable improvements in the technique of autoclaves 
and other pressure vessels, and it is not surprising to find that colour-producing 
firms skilled in the use of these appliances were among the first to experiment 
with high pressure catalysis as applied to inorganic reactions 
Ammonia Synthesis —Quantitative experiments on the thermal dissociation 
of ammonia and on its synthesis from hydrogen and nitrogen were made by 
• ‘ J Pr Cham.,’ voL 60, p 47 (1904), and voL 71, p 433 (1906) 
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Haber and van Oordt, who calculated the equilibrium percentage of 
ammonia over a range of temperatures under atmospheric pressure * 

Nernst and Jost redetermined the ammonia equilibrium constant up to 
pressures of 75 atmospheres | 

Subsequent^ Haber obtained confirmatory results under evtn higher 
pressures, and in collaboration with Le Rossignol the research assumed an 
industrial aspect} In 1908 the Badische Amlin und Soda Fabnk became 
actively interested in the problem of synthetic ammonia, and having received 
a report from Haber and Le Rossignol m 1909 they commenced to dcvt lop the 
process on a considerable scale § Reference should, however, be made to the 
pioneering work of Ramsay and Young (1884) and of Le ('batcher (1901), 
the former studied the decomposition of ammonia by heat undei ordinary 
pressure, whereas the latter experimented on the synthesis of ammonia 
under high pressures (1901, Fr Pat 313,950) Perman caused these gases to 
combine under ordinary pressure m presence of catalysts, and he indie ated the 
following metals as furnishing catalytio materials iron, cobalt, nickel, 
palladium and copper || 

In 1918, E B Maxted pointed out from theoretical considerations that 
although the ammonia concentration decreased at first with rise of tempera¬ 
ture, yet at about 1200° an inversion point was reached beyond which the 
concentration increased with considerable lapidity This deduction, which was 
proved experimentally, had not, however, led to any large production of 
terrestrial ammonia, although it accounted for the presence of ammonia m the 
sun’s atmosphere as revealed by the solar spectrum (A Fowler and C C L 
Gregory, ‘ Roy Soc Proc ,’ A, vol 94, p 470 (1918)) 

Hinshelwood, in 1925, studied the kinetics of the thermal decomposition of 
ammonia in quartz vessels and on platinum and tungsten wires 
Owing to the circumstances of the war, the utilisation of atmospheric nitrogen 
through the ammonia synthesis under pressure and m presence of catalysts 
had been worked out independently of the German workers by a group of 
investigators in this country whose efforts had culminated m the BiUingham 
process 

A voluminous literature has also appeared on the subject of catalysts for 
* ‘ Z Anorg Chem ,’ vol 43, p 111 (1906), and vol 44, p 341 (1906) 
t ‘ Z Elektroohem ,’ voL 13, p 621 (1907), vol 14, p 373 (1908), ‘ Z Anorg Chem ,* 
vol 67, p 414(1908) 
t ‘ Z Elektroohem ,’ voL 19, p 63 (1913) 

§ Haber, ‘ Chemiker Zeit,’ p 742 (1914), and Boeoh, dad , p 721 (1920) 

|| ‘ Roy Soc Proc,’ A, vol 76, p 167 (1906) 
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ammonia, inoluding many patents, the indications of which are often somewhat 
vague Owing to this lack of definite information on the technical side the 
publications of the Fixed Nitrogen Research Laboratory, Washington, are of 
considerable interest * 

Methanol Synthesis —Although Sabatier and Senderens had contemplated 
the possibility of combining carbon monoxide and hydrogen to produce 
formaldehyde, yet their own catalytic experiments on these reacting gases 
carried out under ordinary pressure had led to methane In 1913, however, 
the Badischo Amlin und Soda Fabnk, with the experience of high pressure 
technique gained in the successful industrial synthesis of ammonia, arrived at 
a more promising result through experiments earned out at high temperatures 
and pressures in presence of catalysts (Eng Pat 20,488 , DR-P 293,787) 
In theso specifications the patentees claimed the manufacture of easily 
liquefiable hydrocarbons and oxygenated organic compounds by passing a 
mixture of carbon monoxide and hydrogen over a heated catalytic reagent 
under high pressure This high pressure was defined as a pressure exceeding 
f) atmospheres The catalytio agents mentioned were cerium, chromium, 
cobalt, manganese, molybdenum, osmium, palladium, titamum, zinc and their 
oxides or other compounds In their first example they cited the use of 
asbestos impregnated with cobalt or osmium oxide and caustic Boda, whereas 
in the second example a suitable carrier such as pumice or diatomaceous earth 
was successively soaked in potassium carbonate and zinc nitrate 

The oxygenated products consisted of alcohols, ketones (Buch as acetone), 
aldehydes (such as formaldehyde) and acids (such as acetic acid and homo- 
logues) Ten years later the production of methyl alcohol by the BASF 
had already reached a manufacturing scale 

Meanwhile G Patart had, in 1921, taken up the study of methanol pro¬ 
duction, and in his first patent (Fr Pat 540,543) he described a process for the 
synthetic production of alcohols, aldehydes and organic acids by submitting 
mixtures of hydrogen and oxides of carbon or equivalent gases to the action 
of appropriate catalytio agents at 300° to 600° under pressures of 5 to 300 
kilograms per square centimetre (about 5 to 300 atmospheres) He suggested 
nickel, silver, copper, iron or other metals known as catalytic agents m 

* Larson, ‘ Ind Eng Cbem ,’ voL 16, p 1002 (1924), Ernst, Reed, Edwards, i btd. 
vol 17, p 775 (1925), Larson and Brooks, (bid , voL 18, p 1305 (1926), Almquist and 
Crittenden, ibid, vol 18, p 1307 (1926), Almquist and Black, * J Amer Cham Soo ,’ 
▼oL 48, p 2814 (1926) See also Ammonlak, UUmann's “ Enxyklopkdie der Teohnisohen 
Chemia," 2nd ed„ 1928 
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hydrogenation or oxidation The oxides or salts of these metals are alBO men¬ 
tioned The oxygenated products of these catalyses were, however, not 
specified In February, 1925, Pa tart published an account of the industrial 
synthesis of methyl alcohol by catalysis under pressure m which he indicated 
the following oxides as suitable catalysts for methanol V 2 () 3 , Cr a 0 3 , ZnO 
Favourable results were also obtained by addition of copper to these oxides 
Moreover, the cbiomates, manganates, vanadates, molybdates and tungstates 
of metals promoting catalytic hydrogenation 01 oxidation gave after careful 
reduction active catalysts furnishing very pure methyl alcohol 

In 1923-21, Fran/ Fisoher and Tropach published the results of then 
lesearches on the hydrogenation of carbon monoxide under pressure (150 
atmospheres) and at high tomperatuies (400° to 450°), using an alkahsed 
iron catalyst Those investigators, who employed iron turnings impregnated 
with potass nun carbonate, made a detailed examination of the product and 
found that it contained alcohols, aldehydes, ketones and aliphatic acids with 
small quantities of hydrocarbons The products sepai ited into two layers, 
the oily one being teimed synthol ’ and suggested as a substitute foi motor 
spirit * 

Reference should lx made to a suggestive insult obtained by E Lush in 
1922, who working with carbon monoxide and hydrogen at 100-100° under 10 
atmospheris pressure with a contact inus* eontainmg niikcl (1 paits), eopper 
(1 part) and alumina (5 parts) obtained m addition to mi thane, lormaldt hyde 
and its polymendis (Eng Pat 180,01b) 

When work on catalytic reactions under high pressures was begun at 
Teddington in January 192b, the patent specifications of the I (1 and 
BASF and the published icscaiches of <4 Patart and Audibcrt in France 
and Fran/ Fischir in (leimany, were the mam sources of information on this 
subject The immediate objective was the acquirement of the technique of 
high pressuie research, and for tins purpose a study of the methanol synthesis 
was initiated A preliminary account of the early experiments was com¬ 
municated to the Society of Chemical Industry in 1928 t 

Methanol —With a catalyst piepared either from normal /me clnomatc, 
ZnO, Cr 03 , or from the basic salt, JZnO, Cr0 3 , working at 420° under a pressure 
of 200 atmospheres at a late per hour of 2000 litres of gas (N T P ) tlirough 
60 c c of catalyst, the hourly output of organic products is about twice the 

* ‘ Breniwtoff Chom ,’ vol 4, p 27« (1923), and vol 5, pp 201, 217 (1924) 

\ T Nx Chem Ind vol 47, p 117T(1928) 
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catalj st volume The liquid obtained is homogeneous, it contains 95 per 
cent of methyl alcohol, 1 per cent of higher alcohols and 4 per oent of water 
The quantitative aspect of methanol synthesis will be discussed by Prof 
Bont, who has investigated the compressibilities of the reacting gases 
Higher Alcohols —The addition of alkaline substances to the zmc chromate 
catalyst favours the formation of higher alcohols The liquid products from 
such a mixed catalyst separate into two portions owing to the presence of 
partially miscible alcohols and esters which form an oilv layer on the aqueous 
methyl alcohol 

Ethanol - Catalysts containing cobalt wire employed under ordinary 
pressure by F Fischer and Tropsch m the production of complex liquid hydro- 
caibons, a fact which suggested that this metal might be equally efficacious m 
uniting together carbon atoms in leaotions under pressure Atcordmgly, to 
the methanol catalyst, zinc chromate, were added varying proportions of 
cobalt chromate with the result that, although methyl alcohol remained the 
predominant constituent, yet higher alcohols, including cthvl alcohol, were 
produced m appreciable quantities together with small amounts of aldehydes 
In these syntheses the chromate may be replaced by mauganate The 
catalyst containing cobalt shows a marked tendency to become overheated, 
and this overheating is associated with the formation of methane and 
water, a reaction whioh is more exothermic than the formation of methanol 
from carbon monoxide and hydrogen This local overheating has been largely 
overcome by improved temperature control in our latest plant, but nevertheless 
the formation of methane always accompanies the production of ethyl alcohol 
Aldehydes and Higher Alcohols —By the use of mixed cobalt catalysts also 
containing copper, zinc, chromium or manganese, the following alcohols have 
been identified m addition to methyl and ethyl alcohols n-propyl, n-butyl, 
and isobutyl So far all the aloohols detected are primary alcohols 
Aldehydic products have also been identified as follows formaldehyde, 
ai etaldehyde, propaldehydo, and n-butaldehyde There is also indirect 
evidence of the presence of aldehydals, R OH(OX) 2 , tht ortho-ethers of the 
aldehydes 

It should, moreover, be mentioned that H Dreyfus claims the production of 
ketene by operatmg with a mixture of hydrogen and carbon monoxide con¬ 
taining the latter in excess (Eng Pat 262,364) 

Acids —Our more recent results confirm the presence of aliphatic acids, 
and notably of propiomc acid with smaller proportions of formic, acetic and 
n-butyric acids 
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Hypotheses concerning the Mechanism of Methanol Syntheses 
As a result of their work with alkalised iron F Fischer and Tropsch suggested 
that the oxygenated products were formed by the synthesis of methyl alcohol 
followed by the direct addition of carbon monoxide to this alcohol, with pro 
duction of acetic acid from which acetone is formed by loss of carbon dioxide 
This scheme accounts for the presence of acids, ketones and higher alcohols * 
Zinc formate on heating decomposes into /me carbonate formaldehyde, 
methyl formate and methvl alcohol Under tin conditions of the methanol 
synthesis, zinc formate might play the part of an unstable intermediate com¬ 
pound which is continually being u generated and decomposed 

ZnO + H 2 0 M'O = Zn(HCO a ) 2 
Zn(HC0 2 ) 2 = ZnCO a f H CHO 
ZnC0 3 1- CO + H 2 =- Zn(HC0 2 ) 2 
H CHO | H 2 = CH 3 OH 

Higher Aldehydes and Alcohols by rtjxatul Aldolisation and Hydrogatalwn 
2H CHO = H a C(OH) CHO 

H 2 0(0H) cho+h 2 = ch 3 oho + h 2 o 
ch 3 cho + h 2 = ch, ch 2 oh 

H CHO + CHj ClIO = H a C(OH) ch 2 CHO 
H 2 C(OH) ch 2 CHO f h 2 = ch 3 ch 2 cho + h 2 o 
oh, ch 2 cho + h 2 = ch 3 ch 2 ch 2 oh 

2GH, CHO — CHj CH(OH) CH 2 CHO 

CH 3 OH (OH) CH 2 CHO + H 2 ■=■ CH 3 CH a 0H 2 CHO {- H a O 
CH, CH 2 (’H s CHO + H 2 = CH 3 LCH 2 ] 2 ('H 2 OH 

H 2 C(OH) x 

211 CHO 4 CH, C1IO = >CH CHO 

H 2 C(OI{/ 

H 2 C(OHk CH 3 . 

/CH CH0 4 3H 2 - >CH Cll 2 Oil | 2H 2 0 
H 2 C(OH) X oh/ 

This sequence oontmues to yield still higher alcohols The aldolisation 
hypothesis accounts for the products hitherto isolated, but it also postulates 
the transitory existence of intermediate hydroxyaldehydes and glycols 
which have not so far been detected These substances may, however, be 

* ‘ Ind Eng Ohem vol 17, p 576 (1»26) 
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transformed by dehydration into unsaturated aldehydes and alcohols which 
would speedily undergo hydrogenation to saturated aldehydes and alcohols If 
substantiated by further experiment, this aldobsation hypothesis brings the 
syntheses of homologous alcohols by high pressure catalysis into line with the 
transformations following on photosynthesis which take place through the 
agency of hving organisms (bacteria, yeasts, moulds and the green plant) 
With more efficacious catalysts and less elevated temperatures one may antici¬ 
pate that this analogy will become increasingly oloser 

III High Pn wire Catalyses involving Liquids and Solids 

The hydrogenation of finely divided coal made into a paste with low 
temperature tar or other tar as earned out by the Bergius process under 200 
atmospheres, is an example of high pressure catalysis since the process is facili¬ 
tated by addition to the paste of bog iron ore (hydrated feme oxide) This 
pasty mass is driven through three bombs arranged m series , the first is main¬ 
tained at 468° and the other two at 470° Hydrogen is taken up and the end 
product is a black viscous oil containing saturated hydrocarbons largely aio- 
matic with small amounts of phenolic substances 

The tais from low temperature carbonisation contain fiom 10 to 15 per 
cent of petroleum soluble crystalhsable phenols, and the problem of disposing 
of these substances would be simplified tonsiderably if they could be 
converted into hydrocarbons suitable foi liquid fuels This conversion is 
effected according to Engbsh Patent No 247,686 of the I G Farbemndustric 
Aktiengescllsihaft bypassing tai m a hydrogen atmosphere ovei a contact 
mass containing molybdenum compounds heated at about 500° and undci a 
pressure of 2(H) atmospheres The product consists of colourless saturated 
hydrocarbons boiling almost wholly below 360° and to the extent of 30 to 
50 per cent below 160° 

A much simpler example of this type of catalytic process is the hydrogenation 
of naphthalene m the liquid state at 180 to 200°, under 15 atmospheres pressure 
in the presence of mckel The reduction goes in two well-marked stages tetra- 
hydronaphthaleno (tetrahne) being the intermediate and decahydronaphthalene 
(decahne) the final product Another interesting and simple example of high 
pressure catalysis in heterogeneous systems has recently been patented by the 
I G Farbenmdustrie Aktiengesellschaft (Eng Pat 307,223), whereby benzene 
and its homologues and certain derivatives are converted into the corresponding 
carboxylic acids by heating at 100° with carbon dioxide under 50 atmospheres 
in the presence of anhydrous aluminium chloride 
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As illustrated by the specimens displayed, these uses of pressure m the 
synthesis of liquid and sohd carbon compounds are capable of considerable 
extension The condensations involved are catalytic reactions, and the 
chemical nature of the produots varies considerably with the oatalyst 
employed 

The examples mentioned in the foregoing brief review do not aftord experi¬ 
mental evidence for any general theory of catalysis In the case of catalysts 
soluble m the reagt nts, the hypotheses of electrolytic interaction and of inter¬ 
mediate compounds offer some explanation of the mechamsm of chemical 
change, but m the case of contact masses the texture of these materials plays 
a more important part and suggests a close relation between adsorptive power 
and catalytic activity 

More light on these points will probably arise in the subsequent discussion 

Prof W A Bonk It is only three years ago that the work in the High 
Pressure Gas Research Laboratories under my direction at the Imperial 
College, South Kensington, was extended so as to include catalytic reactions, 
and the new equipment installed there for the purpose was specially designed 
for investigating the fundamental aspects, both chemical and physical, of the 
subject Up to the present we have mostly worked upon the catalytic inter¬ 
actions of carbonic oxide and hydrogen mixtures, and more particularly upon 
the production of methyl alcohol (“ methanol ”) from them 

On fust surveying the field of catalytic reactions, what impressed us most 
was the fact that, save in regard to the comparatively simple case of ammonia 
synthesis—the thermodynamical aspect of which had been worked out first 
of all by Haber and Le Rossignol (1907)* and later by Larson and l)odg( 
(1924)t—very few (if any) well-established experimental data for equilibria 
conditions m gaseous catalytic reactions at high pressures were available 
It also seemed that little rehance could be placed on mere theoretical calou 
lations owing to uncertainties, not only m the various physical constants 
entering into them, but also concerning the role of pressure itself, which may 
not always be merely to effect an increase in the density of the medium, and, 
therefore, in the concentration of the reactants While it may bo that 
theoretical calculations indicate in a general way the respective influences of 
temperature and pressure m a reversible catalytio interaction, it is only from 
well-conducted laboratory experiments that precise knowledge will arise 

* • Bor Deut Chem ,’ vol 40, p 2144 (1907) 
t ‘ Jour Amer Chem Soc vol 46, p 367 (1924) 
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In order that such experiments shall be capable of giving reliable results it 
is necessary that the apparatus employed shall be designed, not merely to 
withstand the pressure and temperatures concerned (which may be of the order 
of from 300 to 500 atmospheres and from 300° to 500° C ) and to be handled 
with safety, but also to permit of accuiate pressure and temperature readings 
being made, to respond readily to comparatively small changes therein, and 
to enable th< i licmu al state of the gaseous phase m the reaction zone being 
ascertained prec is< ly at any moment Also, in equilibria experiments by any 
statu method it is particularly important to keep all the reactants homo¬ 
geneously in the zone of reai tion, so that special precautions must be taken for 
preventing the segregation or condensation of any one of them outside the 
zone In designing our apparatus and methods we have kept these objectives 
continuously m mind 

As one of the best examples of the influence of pressure in catalytic reactions, 
I would specially invite attention to the possible changes inducible by various 
catalysts m systems initially containing carbonic oxide and hydrogen Without 
discussing the theory of intermediate products which Prof Morgan has put 
forward it may be stated that, according to the catalyst and the temperature 
selected, one or other (or even all simultaneously) of the following changes ma) 
be mduced - 

(1) Production of formaldehyde CO + H, “1 II a C O ± H 5 

(2) Production of methyl alcohol CO -4 2TI 2 ~^CH a OH ± 22 8 

(1) Production of methane CO + 1H S CH 4 -f H g O ± 55 2 

Without troubling at the moment to discuss whether or no these three 
reactions form a natural interdependent sequence or are independent of each 
other, we know in fact that by selecting a suitable catalyst and temperature 
we may effect the formation of any desired one of the three products to the 
pr utical exclusion of the others Thus, if our object were to produce formalde¬ 
hyde, for instance, we should use preferably a copper catalyst, at a temperature 
of from 300° to 400° , if it were to produce methyl alcohol, we should use a 
reduced basic zinc chromate catalyst at a temperature of from 300° to 350° C , 
but if it were to produce methane, we could do so almost exclusively by using 
a reduced nickel catalyst at a temperature of from 150° to 200° C And in 
all such cases we should work at fairly high pressures 

With regard to the production of methane, we have found that if a mixture 
of carbonic oxide with three times its own volume of hydrogen be passed at a 
rate of 30 cubic feet per hour, at a pressure of 150 atmospheres, over 100 grams 
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of a reduced nickel catalyst at a temperature of 280° 0, there results a 95 
per cent conversion into methane and steam So that, after cooling the 
resulting gas and removing any carbon dioxide, it contains approximately 
95 per cent of methane, 4 per cent of hydrogen, and 1 per cent only of car¬ 
bonic oxide Indeed, we havo prepared in this way all the methane used in 
our research laboratories, afterwards purifying it by condensation at the 
temperature of liquid air and subsequent evaporation of the liquid Inci¬ 
dentally, we have also found that a mixture of one volume of carbon dioxide 
with four volumes of hydrogen may be used with equally good results 

We may next consider more particularly the synthetic production of methyl 
alcohol As already stated by Prof Morgan in opening this discussion, the 
production of alcohols, aldehydes and acids by the interaction of carbonic 
oxide and hydrogen mixtures suitably catalysed at pressures up to 300 atmo¬ 
spheres and at temperatures between 300° and 600° (', has be< n studied experi¬ 
mentally by a number of investigators, whom he has mentioned Unfor¬ 
tunately no satisfactory equilibria data in regard to the methyl alocohol 
synthesis had resulted from their work I n 1926-27, however, K K Kelly * 
and independently Audibert and Rameau,f deduced the one from free energy 
data and the others from Nernst’s heat theorem—the following theoretical 
values for the equilibrium constants, at various teniperaturt s these being 
(1 think) the first published data on the subject — 


K p 


PlUeOH 

PlO < P^H. 


K p calculated by 

lemperature ( | _ __ 

I Kelly I Audibert and Karaeau 


227 

3 IB 

5 75 X 10-* 

327 

3 85 X V) 

a 20 x io- 1 

427 

1 54 X 10-* 

7 55 X 10-* 

400 

1 18 X 10-* 

0 it io-* 


The first published experimental K p values for the system (JO + 2H S 
CH,OH m contact with a basic mo chromate catalyst at 400° U (under which 

* ‘ Ind and Eng Chera vol 18, p 78 (1926) 
t Ibvl , vol 20, p 1105(1027) 
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conditions methyl alcohol is practically the sole synthetio product) were the 
following — 


Observers 

Pressure ' 

K p found 


atmospheres 


Audibert and Ralneau 

150 

1 92 x 10-* 

Lewes and 4 rolioh 

204 

1 80 x 10-‘ 

Brown and Galloway 

180 

1 62 to 1 08 x 10-“ 


It will be seen that, although agreeing well amongst themselves, these results 
did not agree with either of the foregoing calculated figures , for according to 
Kelly’s calculations K, at 400° should bo 1 18 X 10~ 3 , and according to 
Audibert and Rameau it should be 6 9 x 10"* 

The experiments just referred to seem to be open to the criticism that in 
each case the equilibrium has been approached from one side only This is an 
important consideration when it is realised that towards the end, change in 
such a system is apt to become very slow Indeed, in our experience no 
equilibrium determined at such high pressure can be considered satisfacton 
unless approaches aro made to the equilibrium from both sides 
Such was the unsatisfactory state of affairs when the matter was taken up 
by Drs D M Newitt, B J Byrne and H W Strong m our laboratories three 
years ago , and, m order to ensure accuracy in the determinations of K„, it 
was decided to employ two independent experimental methods, namely, a 
“ statio ” and a “ flow ” method, respectively, and m each case to approach 
the equilibrium from both sides, i e, from both the synthesis and decomposition 
of methyl alcohol As the experimental methods and results have alri ady been 
published by the Society, readers are referred to the original paperf for details 
thereof Suffice it here to say that, using a suitably reduced 3ZnO Cr 2 0 3 
catalyst to which 0 5 per cent copper nitrate had been added, a temperature 
range from 280° to 338° C, and pressures between 60 and 100 atmospheres— 
conditions under which a mixture of one volume of carbonic oxide and two 
volumes of hydrogen was found to produce methyl alcohol to the practical 
exclusion of other products -and at each experimental temperature approach¬ 
ing the equilibrium from both sides by each of the two methods referred to, 
practically identical results for the equilibrium conditions at each temperature 
were obtained Two examples may be given By the “ static ” method the 

* ‘ Ind and Eng Chem ,’ vol 20, p 960 (1928) 

t ‘Proc Roy Soc ,’ A, 123, p 238 (1929) 
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value of K p at 120° 0 was found to be 6 7 X 10 -5 when equilibrium was 
approached from the excess methyl alcohol side, and b 4 A 10 -6 when 
approached from the other side , at 338° 0 the two experimental values were 
4 3 X 1(T 5 and 4 6 X 10“ B , respectively -and by interpolation the value at 
330° 0 would be 5 5 X 10 - '’ By the “ flow ” method the experimental 
value at 330° C was 5 2 X 10“ B 

The results as a whole showed the following linear relationship hi tween the 
free energy and absolute temperature — 

AF ■= 70 OT - 30,GOO 

From the risuits as a whole the following K p values wort calculated foi 
every 20° C over the lange 2b0° to 380°, which is the most practicable for the 
synthesis of a substantially pun m« thyl alcohol from a CO f- 2H 2 mixture 


Temperature 

" i 


Temperature 

•c 

Kp 

260 

1 2 < 10-* 

340 

2 9 x 10- 

280 

4 5 y 10-* 

360 

1 2 ■> 

■ lo- 

200 

320 

1 6 \ 10-* 

(1 7 v 10-* 

280 

6 3 ' 

10- 


It may be observed that these values are all considerably lower than any 
corresponding values cither calculated or experimentally obtaini d by previous 
workers Thus, for example, taking 200 atmospheres as a practical working 
pressure and b()()° k (327° C ) as temperature, according to the determinations 
of Newitt anil lus collaborators the partial pressure of the three components 
of the equilibrium mixture CO -f 2H g CH 3 OH would be 

CO — 54 5, H 2 = 109 0, and CH a 0H = 16 5 atmospheres 
Whereas, from Audibert and Rameau’s calculated K„ for 000° K and 200 
atmospheres pressure, we should expect 

CO — 39 0, H 2 = 78 0 and 0H 3 0H — 83 0 atmospheies, 
and from Kelly’s calculated Kp, 

CO = 10 4, H 2 — 20 8, and CH s OH — 168 2 atmospheres 

The correct determination of K„ values m such a system is of considerable 
commercial as well as scientific interest, inasmuch as such values are the best 
criteria of the efficiency of a catalyst at a given temperature For example, 
if by using a given catalyst at a given temperature a quantitative yield of 
methyl alcohol near to that of the equilibrium proportion predicted by the 
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experimental K„ values at such temperature were readily obtained, clearly 
there would be no particular object in searching for a more active catalyst 

Another point which should be dealt with is that in the paper by Dr Newitt 
and his collaborators a caveat was lodged about corrections which should be 
apphed to their observed experimental pressure values on account of deviations 
of their equilibria mixtures from the gas laws, but which at the time of its 
publication had not been actually determined 

Hitherto it has been customary, in dealing with suth equilibria conditions, 
to apply the ordinary mass action law on the assumption that the equilibrium 
mixture is behaving as an ideal gas , but whereas at ordinary pressures such 
an assumption introduces no appreciable eiror, at lugh pressures it is not tin 
case 

Experiments are now m progress in our laboratories with the object of 
determining the isotherms of the iCH 3 OII + y(CO (- 2II a ) equilibria mixtures 
found by Dr Newitt and his collaborators, but they are not yet sufficiently 
advanced to enable us to say what are the precise corrections which must be 
apphed to their K„ values So far as we have gone, however, it would appear 
that at about 100 atmospheres the proper correction to their K p values should 
be of the order of minus 2 per cent, and that at higher pressures it will be still 
greater This point is mentioned because it reveals a serious gap in our know¬ 
ledge m respect of the compressibilities of equilibria mixtures at high pressures 
and temperatures which must be filled up before such experimental K„ values 
can be finally accepted We are making it part of the business of our labora¬ 
tories to determine such compressibilities 

In cases such as the interactions of carbonic oxide and hydrogen in contact 
with various catalysts at suitable temperatures and high pressures, where 
more than one product is possible and/or more complex changes may be 
superposed on the initial one, the question of selecting a suitable catalyst and 
temperature range to produce a given result is of prime importance Unfor¬ 
tunately so little is known about the inner mechanism of catalytic reactions 
in general that our view of the matter is still largely empirical, we know that 
by substituting one catalyst for another, or by adding some other constituent 
to those already in use, in certain cases the result is profoundly affected Thus 
the addition of an alkaline oxide to the 3ZnO Cr 8 0 3 catalyst used m the 
methyl alcohol synthesis induces the formation of higher alcohols, while by 
uBing an iron-alkaline catalyst with water gas at 400° under pressure, F Fischer 
obtained the product (synthol) containing some 40 individual compounds 
In our experiments we have naturally sought to work under conditions most 
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favourable to the formation of one particular product, principally with a 
view to the exact determination of equilibria conditions The systematic 
exploration of the mechanism of the oatalyst is one of the outstanding problems 
of the subject at present unsolved 

Mr C N Hinsh cl wood There are several ways in which the study of 
reactions at high pressures may yield theoretical information beyond that 
which can be discovered at ordinary pressures 

It would be interesting to make experiments on the uitual rates of high- 
pressure catalytic reactions, because the relation between rate and the pressure 
of the icacting substances at the very low pressures employed by Langmuir 
is often quite different from that which holdB at ordmary pre ssures A further 
comparison with the r< lationships holding at high pressures may yield important 
information about the mechanism of the “ adsorption ” process and the 
structure of catalytic surfaces 

Another interesting point is that very many of the reactions which can be 
investigated in a theoretically interesting way at ordinary pressures are 
decompositions proceeding almost to completion At high pressures the 
reverse reactions tould be measured, and a useful correlation of the kinetic 
and thermodynamic aspects of the problem achieved 

Mi M P Ai'PLBBfcY 1 do not think I need to make many comments on 
what has bien said by previous speakers, but I should like to second what 
Prof Bono has said about the necessity for knowing more about the physical 
properties of gases and mixtures of gases at high pressures As has been shown 
by the data icsultmg from Dr Larsen’s work in the Dupont Laboratory, it is 
very necessary that we should know far more than we do about theBe 
physical properties before we can attempt to foretell the behaviour of gases 
under equilibrium conditions at high pressures Another point I might 
mention in that connection is that it is almost impossible to apply Nernst’s 
heat theorem to any of these reactions relating to organic substances, for the 
lack of really accurate thermo-chemical data 

On Prof Morgan’s interesting introduction I want to make only one comment 
We are extremely interested in the results he has obtained m the methanol 
reaction, but I think I ought to say that in our experience we have never 
succeeded m obtaining, with any catalyst whatsoever, more than a mere 
trace of ethyl alcohol 

Although there is no essential difference between the mechanism of catalytic 

VOL. OXXVXI —A. 8 
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reactions under high pressure and at atmospheric pressures, it will be very 
useful to discuss catalysis on this occasion, because I think that the work which 
has been done during tho last four or five years on the ammonia catalyst has 
led to a much fuller understanding of the behaviour of a catalyst The 
ammonia catalyst used industrially is essentially metallic iron Many other 
substances have bem proposed as catalysts, and almost every element m the 
puiodic table lias been patented at one time or another, but iron is the one 
substance which is used on a large scale for the ammonia catalysis There 
are one or two well established facts about the iron catalyst in tho ammonia 
synthesis which are very illuminating The first is that pure iron is quite an 
active catalyst, but its activity falls off very rapidly indeed , the addition of 
quite small percentages of magnesia or alumina, however, makes the activity 
of the iron practically permanent We have had iron catalysts working un¬ 
changed in a convertor for as long as a year Alumina is a very active pro¬ 
moter and prevents the decline of the activity of the iron Potash also acts 
as a promoter, but tho reason for its activity is very far from understood 
Fortunately, we do know why alumina acts as a promoter, and I think it is 
the one example of promoter action which we do know something fundamental 
about This promoter action of alumina is evidenced by another very important 
and intei esting fact about the technical ammonia catalyst—a fact which was 
discoveiod quite a number of ^cars ago, but was not understood until lately— 
namely, that the iron catalyst is much more active if it is formed by the reduc¬ 
tion of magnetic oxide of iron (Fc 3 (> 4 ) than if it is introduced as metal or as 
ferric oxide (Fe 2 0 3 ) These facts have been explained by Wyckoff and Critten¬ 
den as being duo to the isomorphism of Fe 3 0 4 or F© (Fe0 2 ) 2 with iron spinel, 
Fe(A10 2 ) 2 The reason why alumina acts as a promoter in the iron catalyst 
prepired from Fc 3 0 4 is that the two elements become intimately mixed owing 
to this isomorphism The alumina is uniformly disseminated through the 
iron catalyst, and when reduction of the catalyst takes place, bamers of alumina 
are formed, which prevent the growth and coalescence of the multitudes of 
tiny iron crystals on which the activity of the catalyst depends The real 
cause of tin loss of activity of the pure iron catalyst is the growth of the 
crystals and the coalescence of the small active particles This beautiful 
theory is to me a very satisfactory explanation both of the action of alumina 
as a promoter and of tho experimentally observed fact that a really active 
iron catalyst is best prepared from Fe 3 0 4 
Another point of great importance about the iron catalyst is that it is poisoned 
by very small quantities of oxygen or oxygen compounds The faot that the 
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amount requited to poison tin lion catalyst is extiunely small indicates that 
the number of active eenties on tlit suifact of tin iron is piobubly very small 
Veiy fi vv of tin tut \1 iiumbu of atoms of non piesent aie active catalytically, 
and veiv few atoms of oxvgen m necessary to poison Hum This is m line 
with l'rof 'L’ayloi s news on the unction of solid intahsts, and it forms a veiy 
good example 

In my view tin function of a catalyst is essentially, as Mi Llmshe lwood has 
shown veiy ele ail), to lowei tin eneigy of activation of the reacting substance 
I do not rcm< mis i Mi Jlmshtlwood s hgun, but I think he has shown that m 
tlu tie composition of nitrous oxide the homogeneous uncatalysed n action 
ictpuris about twice as much activation energy as the same reaction in the 
piesence of a catalyst The same thing, 1 think, is shown in the ele composition 
of umnuiiM Tin e italyst sums to me essentially a thing winch makes the 
uacting substance uactive by puking up a smaller amount of cneigy than it 
lupines to make it nactive m the absence of a catalyst A calculation we 
made recently, based on l)i Kideal’s de te rminutions on the activation pote ntial 
of mtioge n, gives a vc ly good idea of the work the catalyst docs \V< found 
that the total amount of cneigy mecessaiy in uidustual piactice to fix. a given 
amount of mtiogen l>v the use of a eatalyst was about one quarter of the 
amount of cneigy icqunul to activate the same amount of mtroge n electric ally 
That is a veiy clean indication both of the activity of the catalyst and also of 
the superiority of catalytic pioccsses over othe r processes suth as the arc 
pioce ss It lias also been shown by others than nitrogen adsorbed on a smface 
of active iron has an ionisation potential much below the normal value* 

i noidemtally, wc may note that it is the nitrogen which must be activated , 
hydrogen is not i nough V\e have made experiments on the activation of 
by dioge n by passing it ove t heated tungsten which is know n to be an uctiv atmg 
agent, mid mixing the hydiogen immediately afterwards with nitrogen, but 
m those e'xpeiunents no ammonia was formed That is not surprising, because 
the energy of activation of hvdrogon is much less than that of mtiogen 

Auemluigly, X suggest that we must picture the iron atoms as m some 
way entangling the*mselves with the mtioge u so as to loosen the bonds between 
the atoms of the nitrogen molecule That come*s very near to the conception 
of alternate formation and decomposition of iron mtride I should like to 
mention some recent work in this connection which seems to lie really funda- 
meuital Many people have looked foi iron nitride as an uitu mediate in 
ammonia synthesis, but until recently without any success Recently, how¬ 
ever, Mittasch and Frankonburger have published the ic^nilts of some very 
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fruitful experiments carried out in the research laboratories at Oppau They 
have shown that the reason why other workers did not identify iron nitride is 
that the number of active centres in iron is very small, and therefore the 
amount of iron nitride is very small They have also succeeded in making 
iron extr< mely active by volatilising iron wires and condensing the vapour on 
cooled surfaces along with suitable diluents which prevent the re crystallisation 
and coalescence of the active iron particles Such active iron has been shown 
by Mittasdi to absorb both hydrogen and nitrogen The amount of hydrogen 
absorbed is one atom to one atom of iron but the amount of mtrogi n absorb* d 
is not stated Also tungsten, which is known to catalyse' the decomposition 
of ammonia, has been produc ed in this active form by similar methods It is 
found that at a tempi rature of 300° approximately this tungsten decomposes 
ammonia with no change of volume and with the formation of hydrogen as 
the gaseous product, the Nil bang piesumably attached to the tungsten thus 

ttW I mi 3 _ \v„mi + h 2 

At lughu tunpciatuns the tungsten gives oil nitrogen and hydrogui in iqual 
v olumes 

Dr A M T F Mkiihs In re faring to high pressures I should like to define 
the ranges of pr< ssure as we have done as the result of the technique used in 
Amsterdam In gcneial we rcfei to pnssuies up to 2500 atmospher* s as low, 
pressuns lxtwiui 2500 and 10,000 atmospheres an regarded as medium, and 
pressures above 10,000 atmospheres are regarded as high Prof Morgan has 
pointc d out two influences which high pressures would be expected to have on 
chemic al reactions, but I feel certain that if the definition I have given of ‘ high ” 
pressures is adopted one of these influences must be extended, and thret more 
must be considered The influence in the direction of increased concentration, 
which Prof Morgan has mentioned I should prefer to consider m terms of the 
increased number of collisions, as it is urtain that at appreciable pressures 
the ordinary law of mass is a rather rough approximation, and at really high 
pressures dot s not apply at all W hat must replace it < an only be determined 
from experimental results on isotherms and compressibilities of mixtures, as 
discussed by Prof Bone Another influence is the induced or increased polarity 
when the molecules are forced together, and in some cases the change from the 
non polar to the polar foim of a molecule For example, it appears from some 
work of Kirkwood that at moderate pressures the non-polar form of C0 a 
changes to the polar form For this investigation we shall have to deal with 
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the measurement of the dielectric constant For any chemical reaction to 
occiu, the molecules must possess a certain minimum energy, which is m 
general available as kinetic energy By compressing the molecules a certain 
amount of potential energy is stored, which may result m the rc .u tion occurring 
with a lower kinetic energy, i e , at a lower temperatnie It might be, for 
instance, that an exothermic reaction which will not normally take place at a 
low temperature coulcl be made to do so by the application of a sufficiently 
high pressure If the potential energy is veiy high there may be an appiec table 
distortion of the molecules and a resultant change m the vibrational and tota- 
tional specific heatR and in some optical properties, although the last yvill be 
rather difficult to measure Fiom a purely thermodynamie point of \uwit 
is easy to show that the cntiopy is decreased by increasing piessure, the total 

dec reuse being given by ja (If), where y is the temperatnie c oeffic tent of expan¬ 
sion At T — 0, a is /c ro and the entropy is independent of the piessui c There¬ 
fore, the difference between'the cntiopy at a given tempei attire' and mote mpera- 
ture will decrease with me re using pressure and eonsespiently the specific heat 
at e onstant volume must also dc e rease Lewis has suggested that it may be 
that al p - oo , cy — 0 The decrease in specific heat will not only be expected 
foi the vibrational and rotational specific beats, but also for the translational 
specific heat, in acconlante with modern quantum statistics If howeyei the 
specihc heat is changed, the heat production of a chemical reaction and 
theiefore the equihlninm, will also be expected to change Tt follows then, 
that the measurement of the specific heat and the temperature coefficient are 
of interest to high piessure' e hcmistry Finally, all the facts pointed out aic 
influencing the fiee energy, the well-known tji function and the thermoelymimic 
potential Application of the Gibbs’ principle of equilibrium to chemical 
reactions with the help of these functions has led to the law of mass and the 
law of Van T Hoff, but in the deduction of these' laws assumptions an made 
which no longer hold at high pressures 
It is hoped that the high pressure research which is being carried out at 
Amsterdam may contribute to the advancement of high pressure e hemistry 
along these lines In the first range of pressure—up to 2500 atmospheres— 
wo have a piessure balance that will give a maximum reproducibility of the 
order of 1 in 500,000, and have worked out a differential method of cahbratmg 
this instrument in absolute units, i e , KG/cM2 Iu this range there are no 
longer any technical difficulties to be expected, and measurements on the effect 
of pressure on the following physical constants are being carried out —isotherms 
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of gases, (oinprcHM bill ties of liquids and solids, viscosity of liquids and solids 
solubility of gases in liquids, dielectric constants, refraction index, specific 
heats, electrical reswtam e of metals Some of the results have been published 
already, and others will follow shortly 

For the second range of pressure -from 2100 to 10 000 atmospheres- the 
prcparatoiy work is finished, and the final work will be started as soon as then 
are trained men available 

For the third range we are doing preliminary work consisting mainly of the 
examination of materials to stand reallv high pressures We have b( on able 
already to reach pressures of SI 000 atmospheres 

Dr F K Ridfat The epiestion of the adsorption of the gases his been 
mentioned by Mr Appleby us a possible ehiracteustie of catalytic bth.iviom 
but that < uinot be the only entenon lie mentioned the yyork of Mittaseli 
for example who yolatihsed non wue and produeed very active iron yahith 
iron absorbed both hydrogen and nitrogen We ean get exactly similar results 
with platinum wire, one atom of platinum, on deposition on glass will 
occlude or absorb or combine at liquid air tempi rature with one moheule of 
nitrogen and also with approximately one molecule of hydrogen Iron and 
platinum are, however, very different in respect to their catalytic aitivities in 
eommeicial synthesis So that that is not the only criterion in determining 
the behaviour of catalysts Reference has been made hy Mr Hinshelwood to 
the measurement of the rateof < atalytu reactions, and to the problem of making 
some of the catalytic surfaces reproducible, and I think that one of the impor¬ 
tant things wi have to consider is how far we ean make catalytic smfacts 
reproducible either by building up a surface from volatilised metallic atoms or 
by disintegration of a macrocrystalline solid We know, of course, that then* 
is a phenomena tt rme d “ ai tivation ’ Tf we take a piece of ordinary coppe i 
and oxidise and reduce it several times it becomes more and more aetiye 
What has happened to it on oxidation anel reduction * One ean see, at any 
rate, by examining it under the microscope, that the surface has been bioken 
up into smaller and smaller pieces and that is associated with an enoimous 
increase in the catalytic activity The question whuh arises is whethi r there 
are changes other than increase in the specific surface and specific, ' edge 
length ” that one can associate with that change in«atalytic a< tivity and which 
might give us a quantitative measure of the catalytic activity and also indicate 
the lines on which to prou cel m order to get an effective catalyst Theic aie 
two pieces of woik which have led to some rather interesting lesults in that 
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connection The first concerns the study of the oxidation of copper If we 
oxidise it at high pressures with oxygen we obtain a gradual oxidation follow - 
ing a very simple law The oxide film me liases so that the squan of the 
thickness goes up proportionately with time But if vu low< t the oxygen 
pressure we find that at a certain critical pressure this law bieaks down In 
other words, there must be a pressure bilow which the so called dilTusion law 
does not hold In the oxidation of copper at low pressure s w ith oxvgen w o find 
that when we have a very active copper from the catalytic point of vu w this 
critical pressure is very high, and there exists a rough proportionality between 
the activity and this pressure The conclusion can be drawn that in an active 
copper catalyst the surface is broken up into a number of minute (racks— 
which are supposed to occur in a great number of solids—and that when the 
gas hits the surface the molecules of gas flow along the surf n e and run down 
into till' cracks, and possibly the more cracks there aie the greater is tin pres 
sure necessary to obtain the saturation of the copper surface That sot ms to 
confirm in a gc ncral way the ac tion of aluminium oxide as a promoter in an iron 
catalyst One can also hnd some evidence for this sort of phenomenon m 
the study of the heats of adsorption Originally the heats of adsorption of 
gases on metals was studied as a criterion of catalytic activity by Taylor, and 
he obtained some very interesting curves If we plot the heat of adsorption 
against the quantity adsorbed he obtained the first portion of the curve rising, 
and later a falling off Taylor suggested that the rise in the initial pmtion 
was due to adsorption on i very active patch We have been doing some 
more experiments on the heats of adsorption, using a modified type of 
calorimeter, and the interesting point about the results is that when we take 
an active catalyst the quantity of gas that goes into solution during tin time 
interval necessary to me asure the he at of adsorption is r< lativelv great, and if 
one eoirccts for the quantities of gas going into solution m the metal one 
finds that the heat of adsorption is independent of the quantity adsorbed 
One gets a series of straight hues, depending on the specific activity of the 
catalyst The heat of adsorption of hydrogen on a t atnlyst winch is very 
active is something like 10 000 calories, and in the case of inactive copper it 
is about 12,000 So that the problem is now more definite Tluso active 
patches arc not distinguished by a very high heat of adsorption, but the 
whole character of the metal has been (hanged Tt looks ns though we have 
potential energy stored up m an active catalyst which is not present in an 
inactive one 

We have found that the rising portion of the curve obtained is entirely due 
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to solution, and the rate of solution of many gases is extremely rapid I thi n k 
that is a factor we may have to consider in the process of catalysis, especially 
at high pressures 

Mr S J Gbken Chemists up to the present have been guided m their 
work on catalysis by the older theories, as, for example, the theory of 
chemical constitution, and the deductions from the laws of thermodynamics, 
as applied to the chemical reaction, and these theories have been supplemented 
by theories of catalysis—particularly the adsorption theory and the chemical 
“ intermediate compound ” theory—to enable us to understand the effect that 
a catalytic agent may have in aiding the usual type of chemical change None 
of these theories provides any guidance to those of us who are more interested 
in the practical applications of catalysis, in finding the catalyst we want for 
any particular reaction, and, having found it, to discover what course the 
reaction takes in producing the final product Alcohol, and many other 
substances, may undergo a number of changes, the nature of which depends 
purely and simply on the catalysts with which the substances are brought into 
contact I would like to Buggest.tliat modern physics could provide tht key, 
and that we may find it as soon as physicists are less occupied with their own 
problems, or as soon as we as chemists apply modern physical methods It 
is now many years since Ehrlich and, later, Fischer, suggested the “ lock and 
key ’ analogy to explain the action of enzymes, especially the highly specifh 
action of these catalysts ’ At that time this analogy could only remain 
a mental picture of the mechanism, without any practical significance Now, 
with the means available of exploring surface and molecular structure, some 
advance would seem well within the practical range If a chemical action 
occurs m contact with a surface which would not happen under the same 
conditions if that surface were absent, then there must be some relation between 
the surface and the molecules in which it induces a change I would suggest 
that a structural relation exists, on the lock and key analogy, as best explaining 
the specific action of catalytic surfaces , and also that thiB structural relation 
is capable of elucidation by X-ray methods The practical point I have in 
mind is this Thoria, zircoma and alumina have many actions m common, 
and, of course, some differences It would seem to be worth investigating 
whether the actions in common cannot be associated with features of their 
surfaces m common—the ultimate molecular structure of their surfaces The 
differences, of course, would also be instructive, and possibly could be correlated 
with the differences m their catalytic action Likewise, thoria is well known to 
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exert very different actions according to the method by which it is prepared 
The voluminous form, made by ignition of the nitrate, for < xample, is com¬ 
paratively inert Could not the difference in the action of the two forms be 
associated with some different e in their surface structures ? l suggest that 
perhaps our best hope of answering the two difficult questions in legard to 
catalysis- how to find our catalyst, and having found it, how does it ait ? 
lies m closer co operation 1>* tween «hemists and physicists between shall wp 
sav, Prof Morgan and Prof Biagg 

It is worth considering thi results that have been achieved already in < orre- 
lating surface structure and catalytic action Fiohch Davidson and Fmske 
last year* studied the decomposition of methanol at ordinary pleasure in 
contact with catalysts known to promote its formation at higher pressures 
namely, copper reduced from its oxide at a low temperatuie 7inc oxide and 
mixtures of these two substances In the first place, coppei and /inc oxide 
weie shown to maintain their characteristic ciystal structure in the catilytic 
form—both when pure and when mixed The only apparent sin face change 
produced by the mixing was in the “ unit cell size ” of the coppei and 7inc 
oxide that is, the distances apart of the atoms of copper and the atoms of 
/me were each altered by the presence of the other in a way that is only 
partially understood by metalluigists At the same time, pure copper induced 
decomposition of methanol mainly to methyl foimate and formaldehyde, 
while zinc oxide promote d decomposition to caibon monoxide '1 he significant 
fnt emerged from the weak of these three investigators on mixture s of copper 
and zinc oxide that an exact parallelism existed between fustly the variation 
of the copper lattice and the peicentage of methyl formate (md foimaldeliydc) 
in the decomposition pioducts, and secondly, between the vaiiation of the /inc 
oxide lattice and the percentage decomposition of methanol to rat boil monoxide, 
that is to say, the percentage of formaldehyde and methyl formate vancd m 
a manner closely connected with the variation of the < opper lattice, and likewise 
the percentage of carbon monoxide in the products of decomposition vaned 
with the variation of the /inc oxide lattice That seems extremely significant, 
and I should like to suggest that our next theory of catalysis will correlate 
surface structure and chemical action in some such way I would commend 
this line of approach to Prof Bone and Mr Hinshelwood, both of whom have 
made so many interesting observations on surface action 

A question for Dr Newitt In connection with his work on the methanol 
equilibrium to which Prof Bone has referred, did he observe the formation of 
* «Ind Eng Chem ,’ Feb , 1929, p 109 
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di-methyl-ether when methanol or carbon monoxide and hydrogen were 
maintained in contact for considerable periods with the catalyst he was using ? 
I suggest that correction for di-methyl-ether formation would possibly raise 
his figures moic nearly to those obtained by Audibert and Rameau 

f)r F A Frri ui At the beginning of the preamble which Prof Morgan 
has picpaied thei< is a statement which, to put it plainly, is not true 
It is stated tint Pmshum diminishes tin volatility of chemical reagent, 
thus returning them in the liquid phase ” That is true only at quite 
small pressuies, and if vou have a liquid in contact with a gas, above the 
critical point nul increase the pressure reasonably, the wlioh thing will go 
into the lioinogi mous phasi 

Prof Mori \ty T ippreuate the pomt, but I said in my opening remarks 
that this v\ is tin oldei use of pressure I quite realise that this older method 
lias to some • xtmt been supersedul by the new one, and I only meant that 
the state mi lit applied within certain comparative!} narrow limits, and 
when all the leagents weie “in the liquid phase under atmospheric 
conditions 

The Fr* side NT Why is it that only a little of the iron, and not the whole 
surface acts m the fixation of nitrogen * 

Mr M P Arpi>nry I think we tan only say that we know nothing about 
it T always thought it was a question of the irregularity of the surface 

The Prpsident Whether it is a plain surface, or broken up ? 

Mi Arrn-BM If the surface is plain, I imagine the atoms are interlocked 
and art not free to make these < ombmations with the nitrogen, but if the surface 
is irregular you have particular atoms active, and I have always considered 
that those particular atoms which stand up make the actual contact 

Mr C N Hwshflwood There are two facts about chemical reactions 
of this kind which are important The first is that we have to supply 
energy to the molecule before it can re-arrange itself , the second is that 
catalj tic actions are very sensitive to the actual structure of the surface It 
is probable that when the molecules are adsorbed on the surface, there is dis¬ 
tortion, dependmg on the spacing, and the greater the distortion the greater 
is the potential energy stored up , therefore, the less the energy which has to 
be supplied to break the molecule up or cause it to be re arranged 
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Prof P (7 Donnan In connection with what Mr Hmshclwood has Haul 
I should like to remind you of a very interesting sei u s of mvestigations 
on lates of reaction the kinetics of hydrogenation of various substance s 
e.lined out by Mr K S Lush, which showed tli.it the viloi itv is pteqiortion il 
very acctiiatcly to th< squaie mot of the hydrogen piessme \hoiit 17 ye us 
ago Mr Sluw, of Lmipool 1 think we weie tin first to do d < mice! out 
untie 1 inv dnection 1 rese m h on the\cleie ity of the ledue tion of eih ie le id and 
otlie r substance s but eiltic uiel especially by liyehogen unde 1 picssuic in 
the presence of a nickel eatalyst, ,inel it was pointed out by Mi Lush that 
that had shown that the veleieity wis accuiatcly piopoitional to the square 
root That is interesting, bee susc it is known that the solubility oi ubsoi ption 
of hydrogen in metals is piopoitional to the squire ioeit of tlie piessun It 
is epute e h 111 that 1 lie u ti\c subst me e i« atomic hyeliogeii 

Mi A (' lte MiieiN One pait of m\ own woik seems to indie ate semit thing 
of the soit mentioned b\ Mi llmshe Iwood \V lie 11 an anti knoe k for mstunc 0 a 
lead compound, is present as vapour it will combine with oxygen mel piodute 
an active chain breaker but as soon as it conglomerates, so that the paiticles 
become bigger, it becomes less and less active As a single molecule it is 
active, but when spread out on a layer or molee ules all the bonds between the 
various molecules get mutually sat wheel and it is no longei active 

Di Mvxrm With rcganl to the veloeity of hydroge nition it is true that 
undei some conditions it is piopoitional to the squaie root of the pressure 
but I think th it umlei of her conditions it is elirectlv proportional to the pressure, 
and unde 1 ce rtain othe r e onditions it is not dire ctly piopeirtional e itlu 1 to the 
sejuari root or to the piessun but te» seimetlung be tween the two 

Pi of Donnan The conditions of the experiments earned out by Mr 
Lush mel by Mr Shaw wen quite elifTeient, except that they both used 
me kel as the catalyst mel the law held leematelv 111 both cases It dso 
'held it high piessuns 

The* pRFsii»Ni Do you think that is a universal law f 
Prof Donnvn Well, there was considerable variation in the conditions, 
inc hiding tlu piessme s applied in those two c ases and the results agieed very 
e losely 

The PriFsiui'Nr The work was done a long time ago * 

Prof Donnan Mr Shaw’s woik wis done 17 years ago but I think it was 
done quite 11 s ae curately aH it would be done to-day The work of Mr Lush 
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was done three or four years ago, and I do not think the technique has changed 
much since then 

Dr E F Armstrong* It is perhaps appropriate to call attention to and 
emphasise the detailed explanation given of the action of catalyst promoters 
as well as of catalyst poisons in a senes of papers published together with Dr 
T P Hilditch m the ‘Proceedings’ from 1919 to 1925 Any general theory 
to txplain the action of promoters was found undesirable The nu reused 
activity in piesence of the promoter may be ascribed m some cases to causes 
which are essentially chemical rather than physical, in otheis it has been 
shown that a simple mechanical explanation, the development of gnatei 
surface, is most in harmony with the observed facts Nearly 10 years’ close 
association wuth catalysts of veiy varied natun both in the laboratory and 
on the large* industnal scale, has convinced me that the development and 
maintenance of the maximum of active suiface is the one essential fact con¬ 
nected with then activity Impurities present cither during manufactuic or 
introduced with the materials which are to interact, enois in mechanic ill and 
physical tieatment during the preparation of the catalyst, have the c fleet of 
reducing surface and therefore lessening activity The subsequent course of 
the catalytic reaction depends on the concentration of the reactants at the 
surface, on the removal of the products of action from the suiface and other 
obvious factois In reactions involving a gas, picssure me leases the con¬ 
centration of gas in the active* system at the surface of the catalyst, so that the 
rate of action is proportional to the pressure, except in ceitam ihnormal 
instances (‘Proceedings,’A, vol 100, p 240(1921)) 

As an example of the mechanical increase of surface by piomoteis it has 
been shown (‘ Proceedings,’ A, vol 103, p 586 (1923)) that alumina in 
particular and certain other metallic oxides stimulate the action of unsupported 
nickel, owing to the action of the non-reducible oxide m separating the nickel 
particles and preventing them from coalescing 

Increased catalytic activity due to chemical causes is illustrated by the effect 
of adding copper to a nickel catalyst (‘ Proceedings,’ A, vol 102, p 27 (1922) ) 
Very active catalysts are obtained only when the two metals are precipitated 
together in the same complex carbonate molecule Such a compound is 
reduced to metal by hydrogen at 180° C, whereas nickel compounds alone 
require a temperature above ,300° C , a possible explanation being that the 
reduction of the copper salt is strongly exothermic, so that sufficient local 
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heat is produced to reduce the nickel salt Unless there is this close proximity 
—which is effected by nothing short of combination in the same moleoule— 
the mckel is not reduced at 180° 

The finely divided nickel so obtained at the lower nduring tempiuiture is 
more active than that prepared at a higher temperature, but it is in no way 
equal in aitivity to nnkel adequately distributed on a support Til this 
connection riference mav b< made ( Proceedings,’ A, vol 101, p 591 (1923)) 
to the fact that in at id < xtrac ted kieselguhr, the temoval of the original 
metallic constituents muses the mckel oxide to penetiatc too far into the 
siliceous structure, with the result that it is less accessible to icduction and to 
contact with oil and hydrogen Deposition on the guhi of a layer of oxide, 
such as alumina, fills up these inaccessible parts of the diatom structure and 
c auses the supenmposed lay c i of nu kc 1 oxide to be place cl in a more favourable 
position for contact action 

In mdustiv a close study of the means of me teasing and maintaining the 
surface of cuch individual eatalvst is requisite—there* is no mystery attached 
to the problem until the question is asked why does the reaction go in a par¬ 
ticular manner, as evidenced by the multiplicity of substances to which ethyl 
alcohol gives rise in piesencc of cliffcient catalysts within the same range of 
temperature* and ge ncinl conditions 

Sir Rie h ARD Turn* 11 ai l, I*' It S 1 have worked for a good many years on 
this subject, and c m i\ tlicoiy I have put forward 1 have been able to destroy, 
and l have nc vi i nut anybody who was in any better position 

The Pbe.su» nt 1 think Sir Richard has ended the discussion more or less 
on the right note Tin* gre at interest m this subject is due to the fact that we 
know so little about it, and obviously we shall require the combined efforts 
of the physicists and the chemists, including those engaged in the works, if 
wc are to arrive at a sol ution of these extraordinarily important questions Ten 
years ago we kne w nothing of catalytic reactions, but we are now beginning to 
get some idea and to icalise the importance of these things 1 should like to 
expre ss thanks to those who have taken pait in this discussion, winch has been 
exceedingly interesting 



The Ouffin ami Nature of L'&tls ami Vhar s 
By Hknk\ K Armstrong, FKS 
( Receo t d March 15 I9«>) 

Prof Boiip and Jus u» workejs have now leached a stage in then \ysUmahc 
study of the coal substance their results are so lemarkablc and significant— 
that it may tu to the advant igc of further inquuy to tonsidci vi ry bru Hy 
the evidence we have of the protet> 1 ' involved ui the foimation of coals 
The mquiiy has too long been left in the unassist* d hands of the geologist and 
palsoo-botaiust, and only benefit can accrue to it if tin outlook be not only 
widened but made precise 

The problem of the natuie of coal Inis been in my thoughts since early m 
the ’70 s, when l grasped the meaning of Pastern s most remarkable demon¬ 
stration that 11101 st sterilised sawdust is not oxidised by exposure to oxygen 
that ordmaiy vegetable decay is the outcome of bacterial ae tion 
At about the same time, t read the Rev Charles Kingsleys book, ‘At 
Last,” a dose ription of Ins voyage to the West Indies, of Trinidad, in particular 
Jlc calls spe c nil attention to the way in which fallen trees decay in tin forest — 
the wood rapidly rotting away, only the outer bark u mauling 1 was able to 
\enfy this myself years later, in noith wcsl Canada ont<ring the fount and 
straying from the path, on attempting to climb ovci what appeared to be a 
solid tree trunk one fell m through the sin 11 of bark which alone i< maim'd 
From the eaily ’80’s onwards I had many opportunities of studying tlu oils 
obtained on carbonising c oals at low temperature's Nothing is moie striking 
than the laigo proportion of phenolic (benzenoul) compounds, cresols m par¬ 
ticular, present m these distillates The temperatures at which they ure 
produced are so low relatively, that these compounds cannot well be otherwise 
than “ precont.uned ” m the coal It has long been known that a certain 
propoition of melhtit acid, C«(C(> 2 H) # ean be obtained by oxidation of char¬ 
coal , it was clear therefore, that highly complex beu/eno dc rivatives could 
bo foimed dining tlie < hange into coal, as such compounds are not known to 
occur m wood, although these contain phenolic derivatives 

Geologists generally have regarded coal as mainly the decayed remains of 
an arboreal and swamp vegetation, anil they have suppose d that resinous spores 
are often an important constituent Piof Huxley, m paiticulai, in his 
celebrated lecture on Coal (1870, ‘ Collected Essays,’ vol 8), lays groat stress 
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on the importance of these latter and supposes them to be the origin of the 
yellow material m coals He speaks of anthracite coals as consisting of 
“ carbonised substance ” without the yellow material Huxley’s picture of 
the changes effected is a simple one— 

“ The mixed heap of spores, leaves and stems in the coal forest would be 
persistently search* d b} the long-continued action of air and ram , 
the leaves and stems would gradually be reduced to little but their 
carbon, in otln r words, to the condition of mineral chanoal in which 
we lind them, while th< spores and spoiangia uniamul as a com¬ 
paratively unaltered and t ompai t residuum ” 

Leavis and stems, undei natural < onditious, are not loluced to little 
but their carbon ” inevitably, the carbon also goes until nothing oigamc 
is left 

If coal were but modifud wood, how the n had the wood been piesu ved and 
changed into coal* The only explanation m accoidaiue with observation 
seemed to be that the “ taw material ” had at least lieen collected undei water 
away from oxygen Coal could not well be the outcome of a mere oxidation 
process, whatever the nature of the changi Furthei light was thrown upon 
the problem when it was shown that, if ‘cellulosic” mateml wire heated to 
a by no means high temperature, in a closed vessel, it was con\erted into a 
coal-like substanci After all, charcoal is so prepare <1 Even more staking 
is the production of a black char in the modern pro< ess of cracking ” petroleum 
hydrocarbons under high pressure, especially as the char is obtained even from 
bght distilled hydrocarbons 

The organic chemist can but reflect upon caibon itself My speculations on 
carbon have been carried so far that I have even questioned the existence of 
elementary carbon in mori than one form, that of the diamond, particularly 
in two Essays written for the Managi rs of the Royal Institution upon the work 
of Sir James Dewar Even graphite always contains a small proportion of 
hydrogen— though scarcely enough peihaps to permit of our assuming that it 
is a hydrouirlxm As a matter of fa< t, at present, we know very little of the 
chemistry of the elementary substance carbon Maybe the amoipkous caibons 
are but incompletely crystallised graphite Largely on optical grounds, I 
have gone so far as to suggest that graphite and other black carbons may be 
composed of two distinct forms of atomic carbon—a view to which Prof Bone’s 
observations lend no little support A question of importance to be considered 
will be, whether chars bo actually or merely potentially benzenoid , the absence 
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of naphthalene and anthracene derivatives from the oxidation products is 
very remarkable 

As long as the deposit be not of excessive thickness, it may be possible to 
assume that a coal has been produced %n ntv and is mainly of arboreal origin 
This becomes impossible when the seam is of the excessive thickness of some 
of the Australian deposits, such as the Morwell Brown Coal As perhaps at 
Valdai no, the glacial plough mav have forced down great masses of 
buuounding vegetation (Wclhngtonia ? ) into a natural cavity Tin extent to 
which pi at was thi original material laid down has also to be considered, 
this, apparently, may grow to a considerable thickness 

Shales have to be explained as well as coals Unlike most coals, these 
contain a large admixture of earthy matter Their composition, too, must 
be diffc rc nt from that of the average coal—as they often yield a high percentage 
of paraffin wax on distillation, a substance rarely present in more than small 
amount in low temperature tars Tim origin of shales is probably not far to 
seek When sea-water plankton is examined it is usually rich in unicellular 
organisms uic h of which contains a big fat globule The raw material of the 
shales maj w< 11 have been fat bearing diatoms, algte and similar organisms 
growing in sw amp pools Some* coals the highly bituminous are conceivably 
mixtures of arboreal and peaty vegetation with such “ algal ” growths built 
up m marshy pools The himmeridge beds present a remarkable alternation 
of thin layers of limestone with clay-shales rich in organic matter I am not 
aware of any evidence of arboreal growth in the senes The deposits need a 
far closer examination with the aid of the chemist 

Finally, wc have to think of vegetable humus formed within the soil as a 
material on the way to coal, carbonaceous materials, such as sugar, wc know 
are easily condensed and carbonised , there is evidence that such products 
are m part benzenoid The true anthracites are, perhaps, formed from peat 
alone 

This last year, for the first time, 1 had the opportunity of inspecting a deposit 
of lignite, at Valdaino, in Tuscany, of such a character as to h avi no doubt m 
my mind that the original material was wood pure and simple Evidently, 
at some time, a great forest had been swept down into the lake—not gradually 
but suddenly, as the deposit was not mixed with earthy material The woods 
were to be seen in various stages of transformation—the walnut in places 
was still wood whilst the oak was coal I there and then made up my mind 
finally that coal was no mere residue but an organically re wrought “condensed ” 
material, largely a synthetic artefact—a natural Bakehte 1 The conception 
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had long been floating in my mind 1 put this conclusion on record m the 
account I gave of my visit Bakelite, now so largely used as an insulator, is a 
material formed by condensing, as it is termed, phenol and its homologues 
with formic aldehyde In this material, many molecules of a simple benzenoid 
are lmked together by means of formaldehydrol, CH 2 (OH 2 ) - the links being 
single carbon atoms carrymg little hydrogen, even this is for the most part 
removed from chars The striking results obtained by Prof Bone and his 
colleagues all serve to support such a view It is clear that the work opens 
up a great future, one that will need systematic and long continued study 
in many directions At present, discussion may best bo limited to the broad 
conclusions now set forth 


The Optical Rotatory Power of Quartz on either side of an Infra-Red 
Absorption Band 

By T M Lowry, FRS, and C P Snow 
(Received December 13, 1929 ) 

Drude’s equation for natural optical rotations depends on the existence of 
‘ ions ” of characteristic frequency, of which each type contributes a partial 
rotation to the total rotatory power of the medium There is nothing m the 
equation to limit the range of these frequencies, but in discussing the rotatory 
power of quart/ (the only substance for which sufficient data wero then avail¬ 
able), Drude himself concluded that tho kinds of ions whose natural periods 
he in the infra-red are inactive ” (‘ Physical Optics,’ 1907, translation, p 413) 
An alternative view was put forward by R W Wood, who concluded that a 
“ spurious ” anomaly could be produced in colourless media by the combined 
influence of an infra red and an ultra violet absorption band ( Physical 
Optics,’ 1919 edition p 492) , and C E Wood and Nicholas* have applied 
the same theory in the hope of deducing the configuration of the molecule 
from the sign of an infra-red term of which the existence is not yet established 
by experiment Experiments on these lines have, however, already been made 
by Ingersol,f who found that the rotatory powers of a series of typical 
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compounds decreased progressively in the infra-red region, nght up to the limit 
of transparency of the medium This experimental result is in agreement 
with the conclusions of Kuhn (private communication, cf ‘ Z Phys Chem,’ 
B, vol 4, p 14 (1929), who anticipates that all rotations will diminish asympto¬ 
tically to zero in the infra-red , but it is directly opposed to the theoretical 
deductions of the authors cited above, whose diagrams represent the rotations 
as increasing asymptotically to ± 00 on approaching a characteristic frequency 
in the mfra-red Moreover, since the rotatory powers of hnonene and pinene 
decrease progressively, even when passing through a region which includes 
three absorption bands, it is clear that the phenomenon discovered by Cotton* 
in coloured organic compounds is not reproduced in those infra-red bands 
In the case of quartz, the evidence hitherto available is somewhat contra 
dictory Thus, although Drude’s equation for the rotator} power of quartz 
did not include an infra-red term, the increased number of arbitrary constants 
which was required to represent the moie accurate measurements published 
m 1912 (‘ Phil Trans ,’ A, vol 212, p 261) was provided by assigning a small 
value to the infra-red term which Crude had supposed to be non-existent 
The characteristic frequencies which Drude had deduced from the published 
data for the refraction and selective reflection of quartz were, however, letained 
for all the terms, and no attempt was then made to derive them directly from 
measurements of optical rotation This limitation was finally romoved when 
it became necessary to find a new equation to express the much more accurate 
and extensive measurements which were published in 1927 t It then appeared 
that the rotatory dispersion of quartz could be expressed over a very wide 
range of wave lengths by means of two ultra-molei terms and a small constant 
term This constant term, of which the theoretical significance is still open 
to question, was, however, less than 1 per cent of the rotation in the yellow 
and less than 0 1 per cent of the rotation in the ultra violet at 2300 A U 
The rotations observed in the ultra-violet have since been extended as far as 
1864 A U by Duclaux and Jeantet,J with the help of a plate of quartz with 
a wider range of transparency than the crystal from which the rods of our 
long column had been cut, but it appears probable that these additional data 
could be covered by a small modification of the two ultra-violet terms, and it 
U unlikely that the small constant term, which has replaced the hypothetical 
infra-red term of the earlier equation, would be modified to any marked extent 


* * C R.,’ vol 120, p 1044 (1896), ‘ Ann. Chim. Phys ,’ vol 8, p 247 (1896) 
f Lowry and Coode Adams, ‘ PhiL Trans A, vol. 226, p 391 (1927) 

% ‘ J Physique,’ vol 7, p 200 (1926). 
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in this protest) It is therefore, an exiguous task to extract from the existing 
experimental data any valid evidenoe of tlie existence of an optically-activo 
infra-red term, and it is impossible to derive from them anv information as 
to the characteristic frequency of such a term, even if its existence should be 
admitted The object of the present experiments, therefore was to extend 
both the ac< urac\ and the range of the observations m the infra red region 
to the extreme limit of the gieatly improved experimental methods that art 
now available and thus to siciue, if possible a clear answer to this much- 
debated question As a lesult wt have obtained convincing proof of the 
optical-inactivity of one mfra-rt d absorption band, and indirect evidence that 
the activity of the others, if it exists at all, is too insignificant to be demon¬ 
strated expe rnnentally, at least until some novel method of investigation is 
discovered which will make it possible to measure rotations in a region which 
is now inaccessible to experimental work 

Table 1 Kotaton I’owci of Quait/ m the lnfra-nd 
Fust series 18000 to 28000 A V 


Wave length 


Rotation per millimetre 


Obseived 


Calculated 


Differentc 


18000 

18100 

18200 

18300 

18400 

18300 

18000 

18700 

18800 

18900 

19000 

19100 

19200 

19300 

19400 

19000 

19000 

19700 

19800 

19000 

20000 

20100 


20400 

20800 

20000 

20700 


1021 

1012 

1000 

987 

970 

951 

941 

931 

917 


879 

808 

849 

810 

829 

810 


2 001 
2 038 
2 014 
1 988 
1 900 
1 940 
1 919 
1 898 
1 870 


1 582 
1 502 
1 544 


2 0 ill | 0 002 

2 035 M> 001 

2011 10007 

1 987 f-0 001 

l 903 f-0 (X) 1 

l 939 | 0 001 

1 010 (-0 003 

1 893 f-0 005 

l 870 f-0 000 

1 848 -f 

1 826 f 0 001 

l 805 -0 002 

1 785 f-0 004 

1 766 f-0 000 

l 746 | f-0 003 

1 726 +0 002 

1 707 f-0 004 

l 088 , f-0 005 

1 609 1 J-0 001 

1 050 -0 003 

1 031 r 0 002 

1 612 i 

1 594 | 0 004 

1 576 f-0 000 

1 559 ‘ +0 003 

1 542 4-0 002 

l 525 -f-0 003 

1 508 | +0 002 

7 2 
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Wave length 


Total 

rotation 


20800 

20000 

21000 

21100 

21200 

21300 

21400 

21500 

21600 

21700 

21800 

21900 

22000 

22100 

22200 

22300 

22400 

22500 

22000 

22700 

22800 

22900 

23000 

23100 

23200 

23300 

23400 

23500 

23600 

23700 

23800 

23900 

24000 

24100 

24200 

24300 

24400 

24500 

24600 

24700 

24800 

24900 

25000 

25100 

25200 

25300 

25400 

25500 

25600 

25700 

25800 

25900 

26000 

26100 

26200 


602 

595 


515 


481 

476 

472 


461 


Rotation per millimetre 


Observed 


Calculated Difference 


I 


1 404 
1 480 
1 461 
1 450 
1 420 
1 417 
I 400 
1 381 
1 373 


1 312 
1 290 
1 284 
1 268 


l 199 
1 188 
1 173 
l 160 
1 156 
1 142 
I 127 


1 099 
1 087 
1 074 
1 068 


0 051 
0 942 
0 920 
0 022 
0 913 
0 905 


0 888 
0 882 
0 872 


I 


1 476 
I 460 
1 444 
1 428 
1 413 
1 308 
1 183 
1 368 
1 353 
1 338 
1 324 
1 310 
1 296 
1 282 
1 260 
1 257 
1 245 
I 233 
1 221 
1 209 
1 197 
1 186 
1 173 
1 161 
1 149 
1 137 
1 126 


1 092 
1 082 
1 072 
1 062 
1 052 
l 042 
1 032 
1 022 
1 012 
1 002 
0 992 
0 983 
0 974 
0 965 
0 956 
0 947 
0 938 
0 929 
0 920 
0 911 
0 902 
0 893 
0 883 
0 875 
0 867 


I 0 002 
+0 004 
+0 001 
fO 006 

f-0 001 
+0 004 
fO 002 
-0 002 
fO 005 
+0 003 
+0 008 
+0 003 
+0 002 
+0 003 
+0 002 
-0 001 
+0 001 
+0 005 
+0 010 
+0 006 
+0 004 
i 0 002 
+0 003 


± 

-0 001 
+0 006 
| 0 006 
+0 001 
+0 005 


± 

1 +0 000 

I +0 006 

+0 002 
+0 000 
I fO 008 

I +0 012 

| +0 004 

I +0 003 

| (-0 004 

-fO 001 
1 +0 006 

+0 004 
+0 003 
1 1 0 003 

| +0 003 

fO 004 
+0 004 
i 

+0 002 
I +0 002 

' +0 003 

I +0 006 

! +0 005 

+0 008 
| +0 005 
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Table 1 (continued) 


AYa\o length j 

_ J' 


ion pci inilliniLl 
('nl< illfttocl I 


26300 

26400 

26500 

26600 

26700 

26800 

26900 

27000 

27100 

27200 

27300 

27400 

27500 

27600 

27700 

27800 

27900 


0 860 
0 856 
0 848 
0 842 
0 831 
0 826 
0 813 
0 806 
0 800 
0 791 

0 779 
0 774 
0 765 
0 760 
0 752 



0 835 
O 827 
0 819 
0 811 
O 803 
0 796 
0 789 
0 782 
0 775 
0 768 
O 761 
0 754 
0 747 


I 0 001 
I 0 005 
| 0 005 
-t 0 007 
t 0 004 
, 0 006 
L0 002 
| 0 006 
1-0 004 
(-0 004 
t-0 005 
fO 004 
i 0 006 
I 0 004 
I 0 006 
f 0 005 
006 


Table II Rotatoi y Powei of Quartz m the Infra ml 
Second series 31800 to 32100 A U 


Wave length 

Total 

Rotation per millimetre 

rotation 





1 


Observed 


Calculated | 


31800 

267 

0 637 


0 528 


31900 

202 

O 629 


0 522 


32000 

260 

0 525 


0 516 


12100 j 

257 

0 520 


0 610 



+0 009 
-fO 007 
( 0 009 
+0 010 


Experimental 

The column of quartz was the same as that used in the earlier experiments * 
In the meanwhile, however, the column had been taken down, m order to 
test the transparency of the separate rods to ultra-violet light of w ave-length 
less than 2250 A U, and had been reassembled with the rods in optical contact 
The rotation at 19 995° C (corr ) of the whole column for light of wave-length 
5460 742 was then found to be nn + 78 93°, as compared with the value 
707r + 78 96° at 20°, recorded previously 


* Lowry and Coode-Adamg, loc ett 
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'1 lit* earlier work covering the range from 13000 to 25170 A l depended 
on determining the wave-lengths at which the rotatory power of the column 
of quartz is an integral multiple of 90° as indicated by observations of maxima 
and minima when the radiation from a Nernst glower was passed through the 
quartz column between crossed or parallel Nicol prisms In extending the 
readings to longer wave lengths, however, it was desired to use a method which 
would be independent, not onl\ of the varying slope of the emission-curve, 
hut also of nunoi irregularities in that curve 
The instrument used for this purpose was the grating spectrometer describ'd 
by Snow and Taylor * The gas tubes were replaced by a simple polanmeter, 
reading by means of a vermir to 0 l c On account of the greater length of 
this instrument the sourc e of radiation had to be moved back about !0 ems , 
but a parallel beam was made to pass through the quartz column (in exactly 
the same way as it had passed through the gas-tubes) with the help of a ooncay e 
mirror with the Nernst glower at its focus Since intensity of radiation rathei 
than high spectroscopic purity was required, the width of the slit by which 
radiation is admits d to the grating was increased from 0 2 mm to over 1 0 mm 
For the same reason the galvanometer was kept at its maximum sensitivity 
(10 -11 amps per deflection of 1 mm , with the scale at 1 metre distance) 
Readings were taken at intervals of 100 A U At each wave-length, the 
angle was observed through which the analyser had to be rotated in order to 
give a maximum deflection The accuracy of the method depends on the 
following factors — 

(i) The adjustment of polansei and analyser to give a maximum deflection 
with no quartz m the path of the beam 
(u) Setting up the quartz column between the polariser mcl analyser with 
the help of a reflecting eye-piece, to give the correct rotation for mere u tv 
green hght 

(m) A constant sensitivity of the galvanometer, since, if this vaneB from 
minute to minute, readings for different positions of the analyser cannot 
be compared In order to avoid errors from this source the readings 
for each setting of the analyser were compared with those for an 
arbitrarily chosen setting for the same wave-length , in this way any 
variation m intensity was at once detected 
(iv) The magnitude of the galvanometer-deflections at each wave-length 
In practice, the maximum deflection varied from 100 mm at 21000 A U 
to 10 mm at 27900 A U 

♦ ‘ Roy Soc Proc A, roL )24, p 442 <I#29) 
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The readings are in two series. The first senes (Table I) covers the range 
from 18000 A U up to 28000 A U, where the close proximity of an absorption 
band made it impossible to proceed further, even when working at mght and 
with the galvanometer at its maximum sensitivity The second senes (Table 
II) depends on the existence of a narrow “ window ” on the other side of this 
absorption band, where the quartz was sufficiently transparent, over a range 
of 300 A U only, to transmit enough radiation to deflect the galvanometer 
through about 10 mm when the analyser was set to the most favourable 
position for transmission Beyond this point further readings were impossible, 
since the transparency of the quartz was even less than at the maximum 
of absorption at about 30000 A U Since the rotatory power of quartz has 
already fallen to 0 5° per millimetre at 32000 A U , accurate readings in this 
region can only be obtained by making use of a long column , the usual device 
of reducing the length of the column, m order to compensate for its growing 
opacity, is therefore of no great value, and in our opinion further progress 
in the direction of longer wave lengths is absolutely barred, so long as we are 
limited to the methods of measurement that have been used hitherto 
The accuracy claimed for the observations is about ± 6°, corresponding 
to an uncertainty of ± 0 01° m the rotation per millimetre , but a comparison 
of the obsorved rotations in Table I with these calculated (as before) from the 
formula 

9 5639 _ 2 3113 

a X 9 — 0 0127493 X 9 — 0 000974 


shows that this is approximately the maximum deviation, and that individual 
groups of readings are actually consistent within about 1°, since the systematic 
error is almost constant at + 0 003 ± 0 001 over the range from 18000 to 
28000 A U Thus the average deviation in successive groups of 10 readings is 
as follows —- 


Wave length 

Avorago different e 

Wave length 

Averago difference 


° per mm 


+ § e 006 o' 

1 8 to 1 89 

+0 0027 

2 4 to 2 49 

1 9to 1 99 

+0 0021 

2 5 to 2 59 

0 0029 

2 0 to 2 09 

+ 0 0028 

2 6 to 2 09 

+0 0048 

2 1 to 2 19 

+0 0031 

2 7 to 2 79 

+0 0060 

2 2 to 2 29 

+0 0033 

3 18 to 3 21* 

+ 0 009 

i 3 to 2 39 

+0 0030 




Four reading* only 
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The observations set out m Tables I and II give no indication of a Cotton 
effect m the neighbourhood of the absorption band at 30000 A U , and provide 
conclusive evidence that this band is optically-inactive It is more difficult 
to decide whether the rotatory power of quartz m the region of transparency 
from 28000 to 1860 A U is influenced by the more intense absorption bands 
which are known to exist at 8 6, 9 0 and 20 7 p, and on which Drude based 
his use of an infra-red term, with X 0 * = 78 22, in calculations of the refractive 
indices of quartz The deviations from the 1927 equation as now disclosed 
are as follows — 


Wave length 

Deviation 

Infra red term 

Au 

6707 

-0 0008 

[-0 173] 

18000 

+0 003 

[-0 176] 

27000 

+0 005 

[-0 189J 

32000 

+0 000 

[-0 107] 


It is noteworthy that, although the rotation per millimetre has decreased from 
202° to 2263 A U, to 0 62° at 32000 A U, so that the small constant finally 
contributes 30 per cent instead of only 0 1 per cent of the total rotation, the 
deviations shown above are still within the limits of acknowledged experi¬ 
mental error and therefore serve to confirm the essential accuracy of the 
formula 

The partial rotations due to the infra-red term of the 1912 equation, as 
shown m the last column of the preceding tabic, increase from — 0 172 at 
zero wave-length to — 0 197 at 32000 A U, whereas the constant term of the 
1927 equation amounts to — 0 1906° per millimetre throughout Smce the 
infra-red term is negative, and becomes more important as the wave-length 
is increased, its effect is to depress the calculated rotation to a growing extent 
m the infra-red On the other hand, the deviations set out above, if they have 
any real significance, increase from + 0 003° per millimetre at 18000 A U 
to -f- 0 009° per millimetre at 32000 A U , showing that the calculated values 
are already decreasing rather too rapidly The introduction of an infra-red 
term in place of a constant would therefore increase, and not dimmish, the 
deviations In these circumstances, any further readjustment of the 1927 
equation can very well wait until the deviations in the far ultra-violet, disclosed 
by the work of Duclaux and Jeantot, have been confirmed by a new senes of 
precise measurements m the difficult region of the spectrum between 2260 
and 1860 A U ____ 
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Study of Electrolytic Dissociation by the Raman Effect 
T —Nitric Acid * 

By I Ramakbishna Rao, MA, PhD, Bezwada Research Fellow, Andhra 
University 

(Communicated by 0 W Richardson, F R 8—Received Jamian 29, 1910 ) 
[Plat® 1] 

1 Introduction 

In a recent discovery Ramanf found that when monochromatic light of 
frequency v is incident upon a substance, the scattered light contains not only 
light of the original frequency v but also light of modified frequency v x , and the 
difference in frequency between the two corresponds to an infra red character¬ 
istic frequency v„ of the molecnlos constituting the substance Thus a new field 
of work has been opened up, in which the infra-red characteristic frequencies 
of molecules can be determined with as much precision as is possible in the 
visible and ultra-violet regions of the spectrum The present investigation 
has shown a further possibility of the new discovery On studying the Raman 
effect in solutions of mtnc acid at different concentrations, the author was able 
to trace the progress in the electrolytic dissociation of the acid by measuring 
the changes in the intensities of the Raman lines due to the undissociated 
molecules and of the ions Thus the method not only gives direct evidence of 
the phenomenon of dissociation, but enables the determination of its amount 
as accurately as is possible in the measurement of intensities of spectral lines 

The only defect of the method lies in the fact that it cannot be extended to 
those electrolytes that do not show any Raman lines The purpose of the 
present communication is to describe the results with nitric acid 

2 Experimental Method 

By far the best method of studving the Raman effect is that suggested by 
Wood,J for it not only gives a greater amount of scattered light, but the exact 
colhmation, which is important for getting the largest amount of scattered 
light into the spectrograph, is made much easier In the present investiga¬ 
tion, Wood’s arrangement is used with slight modifications m the experimental 

* A preliminary note of this was given m ' Nature,’ vol 124, p 762 (1929) 
t ‘ Ind J PhyB vol 2, p 387 (1928) 
t ‘ Phil Mag vol 6, p 729 (1928) 
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tube containing the liquid to be studied The form of the tube adopted is 
represented in fig 1 It consists of a glass tube one end of which is bent into 
a horn with an opening at the top At the 
other end is attached a narrower glass tube 
whose axis exactly coincides with the axis 
of the wider tube, and whioh has a clear 
Fig l glass bulb blown at its end The bulb is so 

made that there are no irregularities m its 
surface such that a distant hght source is seen perfectly undiBtorted through 
it A small glass bead is melted on to the sloping wall of the horn as nearly 
along the axis of the tulie as possible Leaving the central portion of the tube 
equal in length to the length of the mercury arc, the front portion of the 
bulb, and the glass bead, the whole of the apparatus is blackened with black 
enamel The tube is surrounded by a water jacket made of glass for 
circulation of cold water 

The mercury arc, specially constructed by the Hewittic Electric Company 
for work with the Raman effect, is placed above this tube containing the 
liquid and as near to it as possible The arc is run on 200 volts at a current of 
‘l amperes The horn, drawn at one end of the apparatus, enabled all back¬ 
ground illumination to be eliminated The narrow glass tube between the 
glass bulb and the widor tube prevented stray light from the walls of the 
apparatus from entering the spectrograph The glass bulb not only eliminated 
the use of any cement for attaching a glass plate to the end of the tube in its 
place, but it formed a liquid lens to focus the scattered hght on to the slit 
of the spectrograph Thus the use of an additional lens, which absorbs part 
of the scattered light, is avoided 

To use the spectrograph to the best advantage, the glass bead melted on to 
the sloping wall of the horn along the axis of the tube is essential The 
scattered hght being very feeble, the focussing on the sht of the speotrograph 
is difficult without it The glass bead is illuminated by a diffuse electric lamp 
placed near it, and the spectrograph is now adjusted so that the point image of 
the bead as formed by the lens of the glass bulb is on the sht The inclination 
of the spectrograph is so changed that, on placing the eye at the position where 
the spectrum is formed, the whole field of view of the camera appears illumi¬ 
nated The best position of the spectrograph is that in which the intensity of 
the hght from the bead as seen through the camera is a maximum 

To get the largest amount of hght from the mercury arc into the scattering 
substance, two aluminium reflectors are used, one above the arc and the 
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other below the tube containing the liquid under investigation With Hilger s 
constant deviation glass spectrograph, an exposure of 3 hours with Ilford 
iso-zenith plates enabled even the faint Raman lines in nitric acid to be recorded 
clearly For accurate measurement of the wave-lengths of the lines, a copper 
arc is used for the comparison spectrum and the measurements are made with 
a micrometer reading to 0 01 mm The wave-lengths are calculated by the 
usual Hartmann s interpolation formula 

It is not found necessary to distil the liquids in vacuum so long as there are 
no fluorescent impurities and they are comparatively free from dust The 
only effect of small traces of dust is to increase the intensity of the unmodified 
hn< s m the scattered light which come out very dark m the negative 


3 Rriult* 

Table l < ontains the results of measurements of the Raman hues with con- 
i nitrated nitric acid (65 per eent acid) Tn the first column are given the 
wave-lengths of the i xcitmg mercury lines The second column contains the 
wave-lengths of the Raman lines corresponding to these original lines, and 
their approximate relative intensities are indicated in bracki ts The wave- 
numlxrs of these two sets of lines are given in columns 3 and 4 The fifth 
column represents in wave-numbers the differences between the exciting lmes 
and the corresponding Ramau lines, and the reciprocals of these differences 
giving the infra-red characteristic wave-lengths of nitric acid are given in 


column 6 

Ain 

Ah 

Table 1 

*'ii« 


Jy 

Ai u 

ll 

U 


,m-< ' 

cm -» 


4040 0 

4420 0 (O) 

i 2470 > 

23650 

1049 

| 9*51 

4046 0 

4271 0(0) 

24707 

23360 

JJOII 

1 7 64 

4358 0 

4483 3 (1) 

22917 

22299 

63S 

, 15 67 

4358 6 1 

4462 8(2) 

22917 

22252 

685 

14 60 

4358 6 

4548 3 (4) 

22937 

21980 

957 

10 45 

4358 0 

4606 8 (12) 

22937 

21891 

1046 

9 56 

4358 0 

4580 3 (0) 

22037 

21827 

1110 

9 00 

4858 6 

4620 3 (13) 

22937 

21638 

1209 

7 69 

4040 0 , 

4049 2 (00) 

24706 

3150} 

3202 

1 12 

4040 0 1 

4675 0 (00) 

1 24705 

21384 

3321 


4046 (> I 

4698 3 (5) 

24705 

21278 

3427 

2 92 

4046 0 

4720 2 (1) 

24705 

21180 

3525 

2 83 

_L 

4745 0 

L , 

21066 ! 

to 

3639 

| 2 75 

1 __ __ 
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From spectra token with NaNO s , NH 4 NO,, and KN0 3 solutions the Raman 
lines corresponding to the NO," ion are identified as those with wave-number 
differences of 638, 685 and 1016 cm ~ i corresponding to infra-red absorptions 
at 15 67, 14 60 and 9 56 p respectively The one at 9 56 p is the most 
intense of the three, both m HN0 3 and in the solutions of the nitrates, and of 
identically the same wave-length in all of them The three lines with wave- 
number differences of 3202, 3427 and the band 3439 to 3525 belong to water 
Thus the rest of the Raman lines with differences 957, 1110 1299 and 3321 
cm -1 must belong to the undissooiated nitric a< id molecule, as there is no 
other molecule present in the liquid 

4 Electrolytic Dissociation tn Nitric Acid 

Plate 3 shows the Raman spectra taken with various concentrations of 
nitnc acid m water Fig 1 m the Plate is with pure concentrated mtric acid 
containing 65 per cent acid, and figs 2 to 7 correspond to 58 5, 48, 39, 29 2 
19 5 and 9 7 per cent concentrations of the acid respectively Fig 8 is the 
spectrum for pure redistilled water 

These spectra are taken with exactly equal exposures of 1 hours each The 
amount of light from the mercury arc incident on the liquid is kept constant 
by keeping the distance between the tube containing the solution and the 
mercury arc exactly the same for all of them The aluminium reflectors are 
also m the same position for all the exposures By regulating the flow of cold 
water through the jacket surrounding the experimental tube, the temperature 
of the solutions was maintained the same for all of them within a variation of 
2° C The average current through the mercury arc was 3 amperes with a 
variation of not more than 0 2 ampere The voltage drop between the terminals 
of the arc was 140 volts with a maximum variation of 3 volts on either side 
Thus, on an average the energy consumption of the arc could not have varied 
from one exposure to another by more than 4 or 5 per cent 

Thus all the spectra are taken under identical conditions as far as practicable 
Any variations in the intensities of the Raman hnes must be due to the 
dilutions themselves and not to any other circumstances It is clear from 
figs 1 to 7 that the Raman hne at 4566 8 A U found m nitric acid and nitrates 
increases m intensity with increasing dilution of the acid, while the hne at 
4620 3 A U, which is absent m the nitrates and whioh must therefore be due 
to the excitation of the undissociated HN0 3 molecule, diminishes in intensity 
These changes indicate clearly that, while the number of NO s ~ ions, giving 
rise to the Raman line at 4566 8 A U , increases with increasing dilution, the 
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number of undissociated HNO a molecules, giving rise to the line at 4620 3 A U 
diminishes with increasing dilution of the acid This is cl< ar evidence of the 
electrolytic dissociation of nitric acid 

To get an idea of the intensity variations with acid c oncentration of these 
two lines, the intensity records of the different spectra taken with a Moll’s 
microphotometer are represented in fig 2 Th< horizontal line at the top of 



Fig 2 —Miorophotometnc Intensity Curves of Raman Spectra, taken with diminishing 
concentration of nitno acid 

each curve along which the number of the curve is marked lepresents the zero 
line for that ourve, whioh corresponds to complete blackening of the photo- 
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graphic plate The intensity changes indicated above m the actual spectra 
of the two Raman lines are very clearly demonstrated by these intensity curves 

The maxima marked with downward arrows correspond to the undissociated 
HNOg molecule, and their intensity diminishes so rapidly that they almost 
disappear in the fourth curve corresponding to a concentration of 39 per 
cent The maxima denoted by the upward arrows are for the NO s ~ hues and 
they very rapidly increase in intensity up to 39 per cent concentration Thoy 
then dimmi sh again showing that, whereas for the first few ddutions the tbs 
sociation increases much more rapidly than the diminution m concentration, 
resulting m a larger number of N0 8 _ ions, after a certain stage, the increase 
in dissociation becomes less in proportion to diminution m concentration of the 
ions Thus the curves indicate that the intensity of the nitrate lines increases 
at first and then diminishes again 

In the curves 3 to 5 the intensity maxima have reached very nearly the zero 
line In these three curves even the continuous spectrum, which is also 
present in the direct mercury arc, is very prominent The unmodified lines 
of the mercury arc spectrum are also very intense m these spectra showing 
thereby that the classical scattering also increases very much with the dilution 
of the acid 

Though the author has used the same nitric acid and the same redistilled 
water, neither of which shows a conspicuous continuous spectrum, in the 
scattered light, as is seen from figs 1 and 8 of Plate 1, this continuous spectrum 
increases m intensity m the same wnj as the Raman lines corresponding to 
the nitrate ion An explanation of this obviously seems to be that the intensity 
of the classical scattering also increases with increasing ionisation of the acid 
But Venkateswaran,* working with nitnc acid at various concentrations distilled 
in vacuo and using sunlight, found no such anomalous changes in intensity 
He found that the intensity of the scattered light increased with increasing 
concentration of the acid without any reversal, such as ib found in this investi¬ 
gation With a view to finding the behaviour of other acids in this respect, 
the author worked w ith sulphuric and acetic acids also Even in these cases, 
the continuous spectrum becomes more prominent with increasing dilution 
In fact, m the case of sulphuric acid, the continuous spectrum is so strong that 
the Raman hues are completely masked by it for intermediate dilations 
Further work is necessary to find the cause of the variation of the intensity 
of this continuous spectrum 


V*nk«t*sw*nm, ‘ InH J Phys ,* rol 1 p 239 (1920) 
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5 Estimation of the amount of Dissociation from the Intensities and Comparison 
with Conductivity Data 

The relative intensities of the Raman line at 45bb 8 A L in the speotra 
with the various concentrations of mtno acid are given in Table II They are 
estimated from the deflections in the microphotometer records givi n in fag 2 
The intensity due to the continuous Bpectrum is eliminated from each of them 
But the intensity of this being a large proportion (m some cases 75 per cent) 
of the total intensity, the values are uncertain to a range of as much as 10 
to 15 per cent Thus the table gives the intensities of the Raman hncs exclusive 
of that of the continuous spectrum only approximately With elimination of 
the continuous spectrum, whose origin is now unknown, it may be possible to 
measure the intensities of the Raman lines very accurately 


Table II —Relation between Concentration and Degree of Dissociation 


centra.tion 

Int 

I 

l/c 

b... 

oentration 
per cent 

C 

Molecular 

con 

ductivities 
A in cm -* 
ohm -1 

05 0 

0 62 

1 0 

05 0 

32 6 

58 0 

0 03 


02 0 ! 

30 4 




55 8 

47 1 

48 0 

1 19 

3 1 

49 0 1 

61 1 

39 0 

1 52 

4 0 

37 2 

103 4 

29 2 

1 75 

7 r, | 

31 0 

133 1 

19 5 

1 97 

12 0 

24 8 

109 3 

9 7 

1 40 

18 8 

12 4 

267 0 

— 

1 

1 “ 

0 2 

307 1 


Viscosity 
1 ,n g °m- 
sec - 1 


A/A* 


0 0201 
0 0199 
0 0193 
0 0183 
0 0149 
O 0133 
O 0121 
O 0100 
0 0103 


1 00 
1 12 
1 45 
1 88 

3 18 

4 10 

5 21 
7 91 
9 45 


A v 


1 7 1 

2 30 

2 72 

3 14 


The first column in the table gives the concentration of the acid in grams 
per 100 grams of solution The second column contains the lelative intensity 
of the Raman line at 45bb 8 A U If N„ is the number of free N0 3 ~ ions 
present in the solution, and I c is the intensity of the Raman line at con¬ 
centration c, 

N e = k I c , 


where k is a constant, since the intensity is proportional to the number of 
emitters present, the emitters here being the free nitrate ions Tho degree of 
dissociation « is given by the ratio 
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where N. is the number of free ions present and I« is the intensity of the 
Raman line at concentration c w , corresponding to i nfini te dilation, since here 
the dissociation is supposed to be complete, the degree of dissociation being 
unity But as there is no knowledge of the intensity at large dilutions m the 
above data, and as only the relative values of the dissociation are aimed at 
m tins communication, the values relative to the dissociation at 65 per cent 
concentration are given m column i of the above table 
If the amount of dissociation were the same for all concentrations, the 
number of free nitrate ions present m the solution should dimmish in proportion 
to dilution, and the intensity of the Raman line due to the N0 a - ions should 
also diminish in proportion Thus the numbers in the third column, giving the 
ratio of the intensity to concentration, ought to be constant But the large 
increase m this value shows how rapidly the dissociation of nitric acid increases 
with increasing dilution 

The results of electrolytic conductivity by Kohlrausch are given m the 
other columns of Table II The fourth gives the concentration in grams per 
100 grams of solution The molecular conductivities A* and the viscosities 
Y)f of the solutions at each concentration are given in the next two columns 
If A e is the molecular conductivity at concentration c, and A* that at infinite 
dilution, the degree of dissociation according to Kohbausoh’s law, that the 
mobility of ions is independent of concentration, is given by A,/ A* Even 
at small concentrations this law is supposed not to hold good So its applic¬ 
ability at higher concentrations such as those used in this work is still less 
Another formula for the degree of dissociation at moderate concentrations in 
terms of the molecular conductivity is 

g =.4.3 
A, T) 0 

where /)„ and t) u are the viscosities of the solutions at concentrations c and 0 
respectively In Table II the degree of dissociation calculated according to 
the two above formulae are given m columns 7 and 8 

Fig 3 gives the curves indicating the relation between the concentration 
and the relative amount of dissociation The steeper curve is from the intensity 
measurements of the Raman line for the nitrate ion The middle curve is that 
according to Kohlrausch’s formula and the lowest corresponds to the 

* Landolt and others,' Physikahaoh Chemisch TabeUen,’ 5th ed , vol 2, p 1074 
f Ditto, First Supplement, p 86 The values given m the table are extrapolated from 
the actual values 
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FlO 3 —Relation between (!onu ntriitiim of Nitric Aoid and Degree of Dissociation The 
lowest u from viscosity icmdut tivity formula The middle curve from Kohlrausch's 
conductivity formula and the uppermost from measurements of Raman linos for 
the nitrate ion 

dissociation calculated from the viscosity formula The disagree m< lit between 
the three is very striking 

b Discussion 

To investigate the cause of the discrepancy it is necessaiy to s<e how fai 
the various methods give the actual degree of dissociation Of these methods 
one is from osmotic pressure measurements The osmotic pressure can be 
either directly determined or calculated from the lowering of freezing point 
of the solutions The second and more common method is that from con 
ductivity measurements There are several other methods which are mor< 
indirect All these are known to be inapplicable for determination of the 
degree of dissociation at high concentrations Even at low concentrations 
there is no knowledge as to how far the values calculated represent the so 
called “ true degree of dissociation ’ which is the ratio of the number of 
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molecules dissociated to the total number of molecules All of them entail a 
icrtain number of assumptions whose validity even at moderate dilutions is 
questioned In osmotic pressure measurements, the values calculated may be 
approximately correct over the range where Henry’s law of solutions is 
applicable, and it is w ell known that this range is limited to very high dilutions 
Thus at higher concentrations this method docs not give even approximate 
values of the true degree of dissociation 

Even in the case of electrolytic conductivity measurements Kohlrausch’s 
law, that the mobility of ions is independent of concentration, applies only for 
\eiy high dilutions At higher concentrations the viscosity formula given 
before is suggested But how far this gives the actual degree of dissociation 
is not definitely understood even at moderate concentrations Much more 
so is it uncertain at concentrations of the order of one normal and above 
Hence there is, up till now, no method known whereby the true degree of 
dissociation can be determined at lugh or moderate concentrations Thus 
the two lower curves given in fig 3 cannot represent the degree of dissociation 
even approximately 

The Raman effect on the other hand gives i direct method of determining 
the actual number of ions produced urespective of concentration The 
intensity of the Raman line being directly propoitional to the number of free 
ions present, and being independent of either their mobility or thur con¬ 
centration, the intensity ratios directly give the ratios of the degree of dis 
sociation at different dilutions Thus this seems to be the only method by 
which the true degree of dissociation can be determined This explains the 
discrepancy between the three curves in fag 3 

A study of the effect at higher dilutions will enable the decision as to how 
far the various methods give the dissociation correctly even at those dilutions 
It will also decide between the theories of complete dissociation and 
progressive dissociation at intermediate concentrations in the case of strong 
electrolytes 

Further work with nitric acid at larger range of concentrations and with 
other electrolytes is in progress With these data it may be possible to throw 
new light on the prevalent theories of electrolytic dissociation 

Summaiy 

1 A modified form of apparatus, adopted by the author for the study of 
the Raman effect, is briefly described 

2 Ten Raman fanes are observed with mtnc aoid, four of which correspond 
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to undissociated HNO s molecules, three to N() 3 _ ions and found m common 
with nitrates, and three to pure water 

3 In Raman spectra taken with different concentrations of nitric acid, the 
lines corresponding to the UNO, molecule diminish in intensity very rapidly 
with increasing dilution, whereas the N0 3 ~ lines inc rease in intensity, showing 
thereby that with increasing dilution the number of fiee nitrite ions increases, 
which is clear evident e of electrolytic dissociation 

1 Microphotomctru rccoids are taken for measurement of the intensities, 
and from the intensities of the Raman lines due to the nitrate ions for the 
different < oncentr itions the relative amounts of dissociation are calculated 
j The degree of dissociation found from the above is compared with that 
determined from conductivity measurements m mtnc acid, and tho general 
foitn of the curve obtained bv plotting the dissociation against the concen¬ 
tration is found to be roughly the same m both cases The causes of such 
differences is ire found ire discussed 

hi conclusion, the author has great pleasuie in thanking Piof () W Richard¬ 
son F R S , for the interest he has taken during the c ourse of this work 
which was < irued out in tin PhysicsReseaich Liboiatoia s it King sCol!eo;< 
London 
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The Splitting Strength of Mica 
By J W Obreimoff, Fellow of the Physics and Technics Institute, 
Leningrad 


(Communicated by P Kapitza, FRS —Received February 1, 1930 ) 
(Plate 4) 


Two well-ground and polished plane glass plates if put together, adhere 
This phenomenon is called optical contact and is very much used in the manu 
facture of optical instruments, since the boundary between the two glass 
surfaces shows practically no reflection of bght, when the gap between the two 
glass surfaces is exceedingly small in comparison with the wave-length of 
visible light An analogous phenomenon can lie easily observed in mica 
Two freshly split mica foils if put together adhen again with an appreciable 
force It is interesting to see if the restoration is perfect, i e , if we need to 
apply the same force to split two mica sheets placed m optical contact as to 
split a fresh one 

In the present work it will be shown that the splitting strength is a constant 
for mica , that we can determine a surface energy of mica which is independent 
of the shape of the mica sheets chosen and that mica placed in optical contact 
is totally restored A description will also be given of some electrical phenomena 
obtained by splitting mica in a high vacuum It appears that the cleavage 
surface of mica is covered with electrical charges , further, that the strength 
of mica in a high vacuum is more than in air and is also a fairly well-defined 
constant The present observations are connected with the well-known wprk 
of A Joffe* on the tensile strength of rock salt In the case of rock salt the 
surface was either dissolved to avoid the 



Fig 1 


effect of imperfections of the surface or 
the surface action was avoided altogether 
as in the experiment with the rock salt 
sphere * 

§ 1 Let us apply to a thick mica sheet 
a binding moment M sufficient to strip 


off a thin lamina Let us suppose the spht sheet to be rectangular, of 


breadth 6 and thickness h This moment M will be in equilibrium with the 


JofK, ‘ Physics of Crystals,’ pp 62-64 
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molecular forces sticking the two parts of mica together at a point 0 Under 
the influence of the moment M the stripped flake of mica will assume a circular 
shape, and if we assume the deflections to be small we can approximately 
represent them by a parabola 

t-s*! 2p, (1) 


where y is the gap between the two freshly split mica surfaces, j the corri- 
sponckng abscissa measured from thi point 0 to the left, p the radius of 
curvature 

From the elementary theory of elasticity 

1/p = 3M/E6/i 3 , (2) 


where b is the breadth of the mica sheet, h the thickness of the stripped flake, 
E, Young’s modulus 

If for a constant moment M the cleavage proceeds to a depth dx, the work 
done by th< moment M will be equal to dA. -- M d<f> where <f> is the angle between 
the tangent at the point of application of the moment M and the j axis The 
woik per unit area should thin lx equal to 


1 d\ K/H 

l da Ip 1 ' 


0 ) 


since d<f> — dx/p 

Jt may easily be shown that half of this work is stored in th< < nergv of the 
bent mica lamina,* and the remaining work divided by 1 gives the surface 
energy of each of the two fresh surfacis So the surface energy per square 
centimetre becomes 


„ . E/t 1 ,EAV 

- tt - 4 4 


( 1 ) 


The first question will be whether nnca has any consistent tensile strength at 
all As a test we will choose the constancy of the work done by splitting 
different mica specimens rather than the constancy of the splitting moment 
M, since it is rather difficult to deduce from the experimentally obtained 
moment M the real splitting force without knowledge of the mechanism of the 


* The energy of the bent lamina of length dx equals 


then 
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splitting Wo might expect Q to be a constant for all our mica specimens , 
E is also a constant, and we will assume for it the value 20,000 kg per square 
millimetre taken from Landolt Bornstem tables If, then, we make all our 
measurements for a given y (as, for example, by measuring the interference 
fringes), we have two \enables only x and h, related bv the expression 

■r (%73Q)W (5) 

If such a relation really obtains for different specimens, \\< can deduce from it 
the work Q 

§2 The experiments were made with a specially chosen mica specimen 
(musi ovite) from the White Sea (Ohupa), these specimens being kindly placed 
at my disposal by Prof Loewinson Lessing From a sheet 0 2-0 5 mm 
thick by means of a Gillette blade I cut rectangular piec < s about 20 v 50 mm 
area (6 = 20 mm ) These pieces were then split by means of a glass wedge 
finely ground with emery, the greatest care being taken to have the edge 
slightly rounded to prevent scratching and cutting The split foils were 
from 0 1 mm to 0 2 mm thick, the thickness being measured after the 
experiment by means of double refraction Tt is evident that the split foils 
can be assumed thin in comparison with the remaimng part 
Although the splitting wcdg< does not exercise a bending moment, hut a 
bending force we can still use all the formula) (1) (1), since at the vicinity of 

the point O the stress due to the glass w( dge will be a bending moment 

M = F l 

where l is the distance between the edge of the wedge and the point O, and F 
is the force exercised by the wedge on the mica 
As a matter of control it was proved first that the thin stripped foil has 
actually a parabolic shape m the vicinity of the point O This was measured 
many times with the aid of the interference fringes (Nc wton rings) m the air 
gap between the two mica surfaces The light to produce the interference 
fringes was thrown on the mica from above through a vertical illuminator 
fixed on the tube of the microscope The green mercury line (X = 5460 A ) 
was chosen for illumination The distance between the fringes of order «, 
taking values of n equal to the square of a whole number, was measured by 
means of a Zeiss travelling metallurgical microscope 
If the shape of the strip is parabolic these fringes must be equidistant In 
Table I is given the result of such an experiment 
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Table I Tlnrknc ss h of the strip =- 0 110 mm X — 9 10 l()~' i cm 



0 


1 1 1 
4 | 11. | 

25 | 

J6 

111 vision on the travelling muro 
seope 

27 51 

27 "57 

27 (111 1 2(1 7<1 J 21. VI 

2(5 21 

25 90 

Difference 

0 14 

0 28 

0 "50 j 0 2‘1 j 0 29 

0 31 



Mian diffcrrnto 0 50 Mini 


W< take the fringe of older O' to In tin plate which ipptars to the eye to 
givt no more reflection Table 1 shows that this place is where the air sup 
between the two mica sin fat < s is equal to a/H It stems to be more reasonable 
to obtain the position of the point O bv < xtiapolution of the measurements of 
the fringes of number 1, 4 9, etc 

The parabolic shape of the bent si up was also proved several times bv 
measuring the distance between suteessive interference fungos In such i 
c asc one shows < learly that the shape is parabolic and that the discrepancies 
in Table I arise from errors of measure mt nt 

The photograph of fig 2 (Plate l) is reproduced to show tin picture of the 
fringes There are marked the 1st, 1th and 9th fringes, also what we call the 
fringe of older O' and the true position of the point 0 obtained by extra¬ 
polation Attention is drawn also to a hi shaped interference pattern mnrkt d 
by an arrow It is very often observed and results from the light reflected 
from very thin mica strips eonnecting the two cleavage surfac es of mica These 
thin strips occur veiy oftc n and arc a common source of trouble in our t \pi 1 i- 
ments 

The parabolic shape of the foil proved, we turn to the determination of the 
quantity Q On fig I are given by dots the results of the experiments on 
different mica samples The thickness h in millimetres are plotted on the axis 
of abscissae and the distance between the 1st and the 26th interference fringe 
(in millimetres) on the axis of ordinates The points occurring from one strip 
for different positions of the splitting wedge arc surrounded by a closed curve 
If several experiments gave the same value of jq - x M for the same foil, the 
corresponding dots arc laid on a horizontal lino close to each other The 
continuous curve is of the type 
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laid through the experimental points From it we obtain for Q the very high 
value 

Q = 1500 erg/cm a (6) 

As fig 3 (Plate 4) shows, the points do not he very well on the curve, but it 
seems to me rather surprising that they can be conne< ted with a curve at all 
and are not distributed at random If we remember the many different causes 
which can disturb the experiment such as imperfection of the crystal, 
fir-shaped” strips, defects of mica near corner made in cutting it with the 
Gillette blade, and the simple method of splitting used to measure the cleavagt 
strength, it is rather surprising that any consistent result is obtained 
§3 If we pull our glass wedge awav the two mica sheets stick togethei 
without any pressure put on them The crosses on fig 3 belong to an experi¬ 
ment similar to those described in the previous paragraph, but made with 
mica split in air and then restored bv pulling the wedge away The skew 
(rosses (X) belong to the movement of the wedge backwards and the upright 
(rosses(-l-) to the movement of th< splitting wedge forwards again on the old 
path We see that in the majority of < as< s the skew < rosses he above the 
upright crosses and above the dots, i < , the mica, once split and then 
lestored, appeals to be less strong than a fresh one In a few cases the 
crosses fall between the dots, but never In low It is evident that man\ 
causes may reduce the strength of mica after splitting (particles of dust, 
scratches, etc ) Only in a few cases can this be avoided and then after 
putting the split parts together the mica is completely rc stored It is curious 
to notice that the splitting moment, M, of mica is not a constant, being 
the smaller, the thinntr the mica sheet 
§ 4 If split in darkness, mica becomes slightly luminescent (tribolumim s- 
cense) This is due to electric discharges between the mica surfaces through the 
ur If we split them under an air pressure of 1 0-0 I mm mercury the glow 
spreads to all the air m the vessel and is similar to the glow of a Geissler tube 
In a high vacuum (10~ 4 -10 -J mm mercury) the glass of the vessel fluoresces 
like an X-ray bulb The light is feeble and can be observed only after the eye 
has rested about ,3 minutes in darkness It is, however, bright enough to be 
visible when the light in the room is sufficient to make visible the contours of 
the glass vessel and the mica itself, and bright enough then to illumine the 
surrounding objects After splitting mica in high vacuum, the inner surfaces 
of the glass vessel and of the mica itself are covered with electrical charges 
If we lower, then, the vacuum to about 0 1 mm we obtain a splash of light in 
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the gas At the same time the strength of mica m a high vacuum is greater 
than m air at an atmospheric pressure or 0 1 mm 
On fig 4 is shown schematically the arrangement of the apparatus Mica is 
fastened by means of metallic clips to a metallic platform The glass wedge is 



Fro 4 


dnvt n in by means of gentle strokes of a glass hammer provided with an iron 
block and put in motion by means of an electromagnet For the experiments 
in a very high vacuum (1 10~° mm) all the apparatus was made from glass 
and an ionisation gauge used for measuring pressure (the connection being 
made in the latter case before the liquid air trap) On fig 5 are shown two 
parallel sets of measurements for mica, m air at atmospheric pressure (upper 
curve) and in high vacuum (lower curve) The curves are analogous to those 
of fag 3 On the axis of abscissa) is plotted the thickness of the foils and on 
the axis of ordinates the distance, l between the sphtting wedge (0 48 mm thick) 
and the boundary 0 The observed points are interpolated by straight lines 
(instead of curves of the type y = h*) Fig 5 shows that the ratio of the 
ordinates of the two lines is nearly 1 9, which gives from (4) for the surface 
energy of mica split vn mono the extremely high value 
20,000 erg/cm * 

The strength of mica m vacuo is independent of the pressure over a range 
between 10~ # and 10 -a mm of mercury, but there is a cunous time phenomenon 
If the splitting wedge is kept still, the boundary of the spht proceeds sometimes 
silently and uniformly and sometimes with a brusque jump accompanied with 
a cracking sound At atmospheric pressure also the spht boundary does not 
arrive at its final position immediately but needs for it from 10-15 seconds In 
the intermediate pressure range between one atmosphere and high vacuum, 
the time of attainment of the final position of the boundary is longer than at 
atmospheric pressure At 20 mm pressure it is no less than 15 minutes, and 
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05 io 15mm 

hia 5 


at 0 2 mm pressure no less than 4 days Thus a long time is required to 
measure the strength of mica under different pressures 
§ 5 If we aie starting in our high vacuum experiments with a mica specimen 
prepared in air, it will not assume at once itB high strength, the boundary 
must move in the fresh mica to a depth of about 1 mm before the mica obtains 
its full strength Fig 6 illustrates such an experiment On the axis of the 
absciss® is plotted the position of the boundary 0, and on the axis of ordinates 
the distance between the sphtting wedge and boundary corresponding to l 



Splitting Strength of Miut 


J‘J7 



iia 6—Thickness of the foil 0 043 mm , thickness of the sphttmg wedge, 0 48 mm 


on the fig 5 It shows that the splitting strength increases to a depth of 
J mm, then becoming constant If now we pull our wedge back, the two 
split foils stick together again, but their strength is perceptibly less than that 
of fresh mica and approaches that of mica m air 

§6 All the phenomena described can be qualitatively explained by the 
structure as given for muscovite by G Wulff * Following him the cleavage 
plane of muscovite consists of potassium ions lying on the corners of an 
equilateral triangular grating, the sides being equal to 5 A A direct measure¬ 
ment of the electrical charge is impossible By covering mica with silver, 
connecting them with an electrometer, and splitting in high vacuum wc really 
can prove the existence of high potentials (up to 1000 v), but a true measure¬ 
ment of the charge is impossible since in splitting the mica the electrical 
discharge makes the space a conductor Actually, w hen splitting mica between 
the charged parallel plates of a condenser m a high vacuum it is possible to 
observe that the charge of tho plates of the condenser is lost every time 
It seems not hopeless to apply the same method of direct measurement of 
cleavage to study the phenomena of absorption of different gases on mica and 
of cleavage in other crystals 

I am very indebted to Mr W J Voleiko for his kind assistance in the work 
and his valuable help in constructing all the apparatus used 

* ‘ Trans Inst Boon. Mineral Metal!No 25,1926, Mosoow 
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The Mobility of Ions m Air 

J L Hamshere, M Sc , Instructor in Physus, University of Saskatchewan 
(Communicated by Sir Joseph Thomson, FRS —Received February 6, 1930 ) 
Introduction 

In a previous paper* I have described an experimental method of measuring 
ion mobilities m a gas, which yields accurate values for both upper and lower 
limits of a distribution range, and from which one can also derive a curve 
showing the general shape of the distribution band, with a calculable resolving 
power It was found that negative ions m dry air at normal pressures had 
mobilities ranging from 2 15 to 1 45 cm per second per volt per centimetre, 
while the distribution band showed a peak value about 1 8 and a sharp upper 
limit at 2 15 There was also some reason to believe that in the presence of 
water vapour the band was narrowed, the faster ions being eliminated in the 
maimer found by other observers, and the slower ions remaining c omparatively 
unaffected 

In the experiments here described, an mipiovcd form of the apparatus is 
used to study in greater detail the effect of water and other vapours on the 
mobility distribution, for positive and negative ions m air 

Expei mental Method 

The general piinuple of the experiment has already been described in detail 
(loc cit ), and will only be briefly recapitulated here 

Ions are formed by alpha-rays from a polonium source near a plate C (tig I), 
and subjected to a square-wave alternating held (± X') maintained between 
0 and a metal gauze B , those ions which reach the gauze are caught in a 
second alternating field (± X), and may reach the plate A which is connected 
to an electrometer The fields X and X' are made as nearly equal as possible, 
to minimise interpenetration of the fields near the gau/e, and are synchronised 
so that their cycles have the form shown in fag 1 

The ions pass through the gauze from C towards A only when both fields 
are in “ advance ” phase, i e , between P and Q in fig 1 If T is the time of one 
complete cycle, and the advance phases PR, QR, occupy times oT, 6T, respec¬ 
tively, it can be shown (loc cU ) that the theoretical current curve for ions of 
* ’ Proc Cftmb Phil Soc vol 25, p 205 (1929) 
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a single mobility k is of the form given in fig 2 , the current is zero when 
d/(XT) is greater than bk, and reaches a final value when if/'(XT) becomes less 



tio 1 —Alternating Field Cycles 
PP'-T PQ — <iT , PR = bT 



Fio 2 —Theorotical Current Curve for Unique Mobility (K) 

•r - d/XT , x, =- 6K , *, -= (6 - a )K 

than (b ~ a)k, d being the distance from the gauze B to the electrometer 
plate A Between these limits the current is given by the equation 

i ~t Q (b ~ tf/AXT), 

where t 0 is the total current available, that is, the current which reaches A 
if both fields are held permanently m advance phase 
If we put the experimental variable d/(X T) equal to x, the equation may 
convemently be written 

*“*■ 0 (b~xjk) (1) 

The maximum value reached by the experimental current will be oi 0 
The general equation for the current m the case of a continuous distribution 
of mobility is obtained by integrating (1) with respect to k If the total 
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current due to ions having mobility between ^ and (k -f- 8k) is written f(k)8k, 
we obtain 


-= a j*^ _ a /'(i:) ■U + j * “ ' * a \b-x/k)f(k)dk. 


( 2 ) 


wheie k L is the highest mobility present 

We can furthi r show, bv differentiating (2) with respect to x, that the 
gradient of the experimental curve will give the mobihtv distribution, subject 
to the limitations of a finite resolving powei For a high resolving power the 
diffc rential reduces to 

whirei = x,4 (1) 


The k solving power of the apparatus can be calculated from tin usual 
condition, that the overlap of two curves corresponding to mobilities l, 
k + 8k, shall equal half tluir apparent range , this gives 

H -k,'8k — 2b/a (1) 

The experimental procedure is to keep d and X constant, and to \ ary tht> 
frequenc) (1/T) of the field cycle The upper and lower limits of the mobility 
range aic then directly obtained from the zero and maximum points of the 
current frequency uirve which give 

2, - xjb Z 2 - uj(b - a) (ft) 

The derived ciuvt, — di t /dx — / (k) can be made to show the mobility 
distribution directly by taking as ordinate the mean \aluc k' — xj(b — la) 
If k x r and k 2 are the limits giy cn by this curve, the true limits may be obtained, 
corrected for resolving power, on putting 

*!= ii'fl-l/R) k 2 --k{(\ M/R) (6) 


Apparatus 

The apparatus used in these experiments was similar in most respects to 
that previously described, but differed from it in the design of the measuring 
condenser, and in the adoption of a synchronous speed control for the 
commutator 

The brass case of the old measuring condenser was replaced by a glass cover 
standing on a heavy brass base plate , a circular ledge was cut m the plate, 
as shown in fig 3, to fit accurately inside the glass, which was ground on to it, 
the joint bemg made gastight with hard wax on the outside All the electrical 



Mobility of Ions m An 


301 


leads and the gas inlet pass through the base plate, the electrometer lead 
through a central ebonite plug, and the four field connections through two 



double plugs, one of which is shown in the figure The .surfact of ebomte 
inside the chamber was reduced to a minimum 

The plate and guard ring system is supported on three glass rods E, which 
pass through carefully aligned holes in each ring, the distance pieces FF are 
lengths of glass tubing which fit over the rods, and are accurately ground to 
the required length Small set-screw collars Ci serve to clamp the assembly 
firmly together The electrometer plate A is supported from its guard ring 
by two horizontal rods of quartz , the rods are threaded through short pieces 
of brass tube soldered to A and through small clamps soldered to the guard 
ring The quartz rods are not m contact with the underside of A, and so, 
although the air gap between plate and guard ring is only 1 mm wide, the 
effective length of quartz insulation is about 2 cm at each end of the rod 
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The gauze B is soldered as before to its guard nng, stretched as tight as 
possible and flattened by clamping m a vice The polonium coated wire P 
is mounted in a vertical position at the centro of the upper plate C, with a 
shield of thm brass just below it A small brass rim at the edge of C prevents 
the alpha-particles from travelling right out to the walls of the vessel, thus 
the ions available for experiment are those formed in the annular space between 
the shield and the rim 

The electrical system is shown diagrammatically in hg 4 The potential of 



the gauze B with respect to earth is controlled through the three-way key 
K m In the K x position the commutator S is short-circuited and B has the 
constant potential Y, in the K„ position, with the single key K 4 open, B has 
the constant potential U, and with K 4 also closed the commutator comes into 
play, giving a potential U at “ break ” and approximately V at “ make ” 
(The resistance R is of the order of a megohm ) In K 3 position the gauze is 
earthed The connections for the plate C, through the commutator S', an 
exactly similar, except that the potential of C is alternated with respect to the 
gauze B, not to earth The voltages U, V, and U', V', are read on a D 0 
voltmeter whose connections are not shown in the diagram 
Guard rings A', B', are inserted between the plates to ensure a more uniform 
field, and the potentials of these are obtained by connecting AB and BC through 
hi gh resistances and tapping off these, as shown in the diagram During 
“ break ” phase of the commutator these resistances are in senes with the 
short-circuiting resistances R, R', and so the actual potential of B, for example, 
will bo, not U but U(R A + R A ')/(R + R A -f- R A "), and similarly for C and the 
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intermediate guard rings In order to have the retard field equal to the 
advance field strength it is therefore necessary to make U greater than V m 
the inverse ratio The resistances used were Dubiher gnd leaks, of the order 
1 megohm for R and 5 megohms for R A and R A ', thus the correction for U 
is about 10 per cent This was verified by direct checks on the plate and guard 
nng potentials with an electrostatic voltmeter, whioh were repeated at regular 
intervals during the work, to guard against degeneration of the resistances 

The two commutators were bmlt up on a single shaft in the way described 
in the earlier paper, and some additional smoothness of running was obtained 
by mounting them on ball-bearings Chain drives were substituted for belts 
to avoid slip errors, Meccano sprocket wheels and chain were used and ran 
very well at all the speeds required, and a set of the wheels mounted on a single 
shaft gave a conveniently quick change of gear ratio between commutator and 
driving motor The measured values of o and b for the new commutator 
were 0 025 and 0 370, the resolving power being therefore, bv equation 
(4), R = 30 

It was found essential for accurate work to have a reliable control for the 
commutator speed, to check temporary fluctuations too small to be con¬ 
trolled by the observer Various types of synchronous control were tned, 
the method finally adopted being the following a four-pole Rayleigh impulse 
motor is run in senes with an electncally maintained tuning fork, with which 
it is then synchronous, m the usual way , this motor is not sufficiently powerful 
to drive the commutator, but acts as a very efficient governor when coupled 
to the main driving motor, with a cham drive The mam motor is illuminated 
by a flickering neon lamp whose circuit is interrupted by the same fork the 
procedure then is to set the fork at the frequency required, and adjust the motor 
resistances till it is seen stroboscopically to fall into step with the fork, after 
which the Rayleigh motor will keep it steady The fork frequencies and the 
various gear ratios being known, it is possible quickly to obtain any particular 
commutator speed required, and so to work by regular steps up and down a 
current frequency ourve, interpolating values where they are needed 

The experiments were made on dry air, or on air which was first dried and 
then mixed with measured proportions of water and other vapours The 
method generally used was to pump out the system to 1 or 2 mm pressure, and 
refill very slowly with air drawn through a drying cham consisting of a glass 
wool filter, strong H,80 4 , and long tubes of CaCl 4 and P a O The apparatus 
was pumped out and refilled to atmospheno pressure several times before each 
run, and when changing from one vapour to another an intermediate run was 
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taken in dry air, the pumping out being repeated until “ normal ” curves 
were obtained. 

Experimental Result* 

1 Dry Air —Results with negative ions m dry air at atmospheric presauie 
confirm those obtained with the earlier apparatus as can lx* seen in fig r > 



Fio 6 —Negative Ions in Dry Air Above experimental curves , below derived 
distributional curves 


the first curve is reproduced from ray previous paper, and was taken with a 
resolving power 10, the second curve shows a narrower band, as might be 
expected from the higher resolving power and the more accurate speed control 
of the commutator There still remains, however, definite evidence of a dis¬ 
tribution of mobility over a range which exceeds any possible experimental 
error , the results of a senes of runs made with different field strengths and 
plate distances are as follows, and k z being the upper and lower limits of the 
distribution band, corrected for resolving power according to equations (6), 
and k 0 the unoorrected peak value 

= 2 1 ± 0 05 & 0 — 1 8 ± 0 1 Jt,= 16±(U 

No ions were found to have mobilities outside these limits 
Curves of the same general nature were also obtained with positive ions, 
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a typical distribution band in dry air is shown in the first graph of fig 6 The 
mean values obtained are 

k x = 1 35 ± 0 05 i, = l 1±0 1 = 0 78 ± 0 05 

The relative breadth of the band appears to be about double that of the 
negative ions 

Several attempts were made to detect the “ young ” ions of mobility 1 9, 
found by Erickson and Tyndall and Gnndley,* but these were all unsuccessful 
Runs were taken at 100 mm pressure, with field strengths and plate distances 
which gave the ions reaching the electrometer an age of the order 0 015 second 
If the number of collisions made is regarded as the ageing factor, this is equi¬ 
valent to an age of 0 002 second at atmospheric pressure, about one tenth 
of the mean life of Erickson’s initial ions No trace was found of any mobility 
higher than 1 4, and similar negative results were obtained in moist air 
Tyndall, Starr and Powellf report erratic results under somewhat similar 
experimental conditions , they suggest that this is due to some highly active 
impurity, possibly a product of the alpha-ray source, which accumulates in a 
closed vessel This impurity ” has not yet been identified, but it appears 
to be the only satisfactory explanation 

2 Water Vapour m Air 

In order to experiment with known proportions of water vapour the apparatus 
was first exhausted, and distilled water evaporated into it to the full vapour 
pressure The water flask was then shut off, and dry air added to atmospheric 
pressure , the concentration is then, say, 14/760, measured in partial pressures 
If this mixture is again partially exhausted, to a pressure p, and refilled to 
atmospheric pressure with more dry air, the concentration is then reduced to 
(14 X p)/(760) s In order to work also at relative concentrations higher than 
that given by saturation at 760 mm , water was first evaporated m, to pressure 
14 mm , and air added to give a total pressure p, less than 760 , the concen¬ 
tration is then 14/p, and the results can bo co-ordinated to those obtained at 
other pressures by multiplying the measured mobilities by p/760 
Results obtained are shown in the graphs, fig 6 The derived distribution 
curves alone are given, since they bring out more clearly the points under 
discussion , the experimental curves on which they are based are of the same 
order of accuracy as those in fig 5, and could be repeated at will 
* Enckson, ‘ Phys Rev,’ vol 20, p 117 (1922), and vol 33 p 403 (1929), Tyndall and 
Grindley, ‘ Roy Soo Proo ,’ A, vol 110, p 351 (1920) 
t ‘ Roy Soo ProoA, vol 121, p 172 (1928) 
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It can be seen that the water vapour causes a marked narrowing of the 
negative ion band, which is almost entirely due to the disappearance of the 





Fia 6 —Effeot of Water Vapour on Mobility in Air (Concentration C m partial pressures ) 


faster ions There is also, however, a shift of the band as a whole, in the 
direction of lower mobility, which is more clearly shown in the higher con¬ 
centrations , the initial narrowing of the band occurs for small traces of water 
vapour, and is apparently superposed on the “ normal ” displacement of the 
whole band 

When these results are compared with those obtained with other vapours, 
described below, it appears that water vapour can be correlated to the other 
strongly polar gases if we work over a sufficiently wide range of concentrations 
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This can be shown very clearly if we plot the reciprocal mobilities, 1 jky, 1 /k a , 
as functions of concentration, as in fig 9 The lower limit of the distribution 
band, k a , obeys Blanc’s reciprocal law at all concentrations, while the upper 
limit, k v and the peak value k 0 after the “ abnormal ” initial drop, also follow 
the linear law 

The effect of traces of water vapour on the width of the band suggests that 
the curves obtained in normally dry air might be further widened if the air is 
more thoroughly dned To test this point, open dishes containing P 2 0 5 were 
placed inside the condenser vessel, which was filled with dry air in the usual 
way and then sealed up Runs were taken at intervals extending over a total 
time of 10 days, without any perceptible change either m the mobility limits 
or in the shape of the distribution curve 
The only effect of water vapour on the positive ion curves is a slight broadening 
of the peak, and shift in the direction of increased mobility, which is barely 
within limits of experimental error 

3 Methyl Alcohol tn Air 

The effect of the aliphatic alcohols on mobility in air has been systematically 
studied by Tyndall and Phillips,* using an experimental method in which the 
mobihty is obtained from the peak of an experimental curve of unknown 
resolving power They find an abnormal initial drop for small traces of 
vapour in the case of negative ions, followed by the normal linear (reciprocal) 
decrease for higher concentrations It seemed of interest to repeat some of 
these observations with the present experimental method, in view of the results 
obtained with water vapour 

The various concentrations were obtained in the same manner as for water 
vapour, and the runs were all made at atmospheric pressure The results are 
shown in the graphs of fig 7, and the reciprocals of the upper and lower limits 
of the band are plotted against concentration in fig 9 

The whole curve for the negative ions undergoes the abnormal initial decrease 
in mobihty found by Tyndall and Phillips, without change of breadth There 
is, however, a broadening of the peak, and the lower limit, k it becomes more 
sharply defined There is good agreement with the results of Tvndall and 
Phillips, if we take their value of k to correspond to my upper limit k x 
For positive ions the upper limit k t is affected “ normally,” but there is an 
abnormal initial increase in k 2 , the slower ions completely disappear m the 


1 Roy Soc Proc ,’ A, vol 111, p 577 (1928) 
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presence of the smallest trace of the vapour, leaving a narrow band which 
then follows the reciprocal law for higher concentrations The agreement 






Jjiu 7 —Effect of Methyl Aloohol on Mobility in Air 


with the results of Tyndall and Phillips is m this case less satisfactory at the 
higher concentrations 

We may note that the bands for positive and negative ions have approxi¬ 
mately the same breadth, once the " abnormal ” stage is passed, and the 
graphs of reciprocal mobility against concentration have the same gradient 
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1 Ethyl Ether in Air 

The second vapour used was ethyl ether, which was evaporated into the 
vessel m the same way, to give known concentrations Results are shown in 
fig 8 The onl\ effei t on the negative ion is the sharpening of the lower limit 



Eli* 8 - -Effect of Ethyl Etliei on Mobility in Air 


of the hand, there is no initial abnormality, and the band is unchanged in 
breadth 

The positive ions show both effects There is a slight abnormal decrease 
in and an increase m similar to that observed for the alcohol The band 
is narrowed to a width comparable to the negative band, but m this case the 
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concentration curves, fig 9, have different slopes, the positive ions being 
apparently more strongly affected by the vapour than arc the negative ions 




Fiq 9 —Reciprocal Mobility as a Function of Concentration 
Discussion 

It will be noticed that the narrowest bands obtained in the foregoing experi¬ 
ments had a width about double that to be expected from a unique mobility, 
assuming the calculated resolving power to be correct One may argue that 
f3ie mobility m these oases is really smgle valued, and that the experimental 
errors are sufficient approximately to halve the resolving power of the apparatus, 
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in the absence of independent evidence this point cannot be decided, but even 
if we make this somewhat drastic “ correction ” there remains the much wider 
band m dry air For example, if we correct the data for negative ions in 
dry air previously given, assuming a resolving power of 15 instead of 
30, we are still left with a distribution between approximate limits 2 05 
and 1 7 * 

As was pointed out m the previous papei, a distribution of this range is 
sufficient to account for the experimental discrepancies continually found 
between measurements made by different observers, some using methods which 
measure the highest mobility, others the peak (mean) value That these 
discrepancies are real has been confirmed by Schilling f 

Since narrow bands are obtained m some circumstances, there does not 
seem to be any way of accounting for the wider bands m terms of diffusion 

The results in the presence of the vapours tned show that the actual nature 
of the ions must vary in a very complex way , before one can reach any satis¬ 
factory theory it will be necessary to extend the experiments to a number of 
representative gases and vapours, and in particular to investigate the effect of 
thorough purification of the gas, in an apparatus which can be baked out 

There are, however a few points which may be noted here First, 
in the widest range found, for positive ions in dry air, the mobilities vary 
over a range which, expressed as the ratio of highest to lowest mobility, is 
l 35/0 78 = 1 7 for negative ions the ratio is 1 3 Theoretical calculations 
of ion mobility, based on classical gas-kinetio theory, make it seem probable 
that the sue of the ion can affect its mobibty in two ways , through the mean 
free path, which varies inversely as the cross-section, and through a factor 
depending on the relative masses of the ion and the gas molecule This 
mass factor m any theory based on the assumption of elastic collisions takes 
as a first approximation the form {(m + where m is the mass of the 

gas molecule and that of the ion (e g , the theories of Langevin, J J 
Thomson, and IxiebJ) So if the mass of the ion varies from that of a single 
molecule to a large cluster, its effect on the mobibty can only vary in the 


* Zeleny (‘ Phys Rev ,’ vol 34, p 310 (1929) ) has reoently repeated his original air 
stream experiment, and find* m slightly moist air a distribution band whose mean range, 
correotedfor diffusion and resolving power, is from 1 03 to 1 48 for positive ions, with 
a peak at 1 24, and for negative ions, 1 68 to 2 18, with peak at 2 00 
t ‘ Ann. Physik,’ vol 83, p 23 (1927) 

x Langevin, ‘Ann Chim.,’ vol 6, p 246 (1906), Thomson, ‘Phil. Mag,’ vol 47, p 
337 (1924), Loeb, ‘ Phil. Mag ,’ vol 48, p 446 (1624) 
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ratio of y/2 to 1 In the more rigorous expressions derived by J J Thomson 
and by Lenard* the mass factor vanes over a range of the same order 
Thus the observed venation in mobility is sufficiently small to be explained, 
at least for the negative ions, by a variation in the ionic mass alone If the 
vanation in the radius is also taken into aooount, the two effects reinforoe 
each other, and the possible Tange of mobihty ib increased In any case, the 
range observed is of the order to be expected on the assumption of an ion 
which may vary considerably m size without changing m its electrical properties 
To explain the width of the hand we must also postulate some degree of 
permanence in the individual ions , a labile cluster of the type suggested by 
Loebf, m which the cluster is so loosely bound as to be little more than an 
increase in the gas density m the neighbourhood of the charged nucleus would 
change its effective mass many times during its experimental ' life,” and by 
relatively small fractions, so that we should expect it to have a statistical 
mean mobihty which would be for all experimental purposes unique 

On the other hand, these experiments afford no evidence for the discrete 
groups of ions of different mobility, found by Nolan $ , there may, of oourse, 
be such groups within the range found, the mobilities being too close together 
to be resolved by the apparatus, but the groups also found by Nolan which lie 
outside this band were never observed 

It appears to the writer that small traces of gaseous impurity, such as water 
vapour, ebonite, tap grease, etc, play a very important part both m the 
formation of the ions, particularly in the capture of electrons to form negative 
ions, and in their structure The distribution found in air may be regarded as 
the maximum range obtainable in an “ impure ” gas, in which the nuolei may 
have any molecular mass , attempts to purify the gas may be expected slightly 
to alter the distribution of mobility within this range, without affecting its 
actual width until we reach a very high degree of physical punty, at which 
stage the negative ions may remain free electrons 

The “ abnormal ” effect of small traces of active impurities has been investi¬ 
gated by several observers, notably Loeb, and Tyndall and Philbps (loc cut), 
the assumption being that the mobility in each mixture was unique If the 
results of the present experiments are accepted as showing a distribution over 
a finite range, the work of these observers must be regarded as applying either 

* Thomson, ‘Proc Phys Socvol 27, p 94(1914), Lenard, ‘Ann Physik,' vol 81, 
pp 849, 666 (1920) 
t ‘ Phys Rev / vol 32, p 81 (1928) 
t Ibid vol 24, p 16 (1924) 
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to the highest mobility present, as in Loeb’s experimental method, or to some 
intermediate value 

The “ selective cluster ” theory of Loeb may be modified to account, at 
least qualitatively, for the present results The strongly polar molecules of 
the added gas or vapour will be attracted to the charged nucleus with greater 
forces than the original gas molecules, the result being what we may regard 
as an effective concentration in the neighbourhood of the ion which is higher 
than the measured average concentration in the whole gas This is sufficient 
to account for an abnormal shift of the whole distribution band, as found for 
negative ions m the alcohol-air mixtures But for a shift of the upper limit 
only, as found in water vapour, we must also assume a d< finite clustering in 
which the faster (presumably smaller) ions are eliminated altogether, and all 
the ions formed have the maximum size (minimum mobility) characteristic of 
the gas Further increases in the relative density of the added vapour then 
affect the mobihty m the “ normal ” way, by modifying the dielectric constant 
and density of the gas as a whole 

The converse effect found for positive ions in both the ether and alcohol 
mixtures points to an inhibitory effect which may be pictured as a protective 
cluster, comparatively permanent, of “ impurity ” molecules, which prevents 
the formation of the larger (slower) clusters There is an interesting analogy 
here to the suggestion of Mahoney,* that water vapour, and possibly other 
“ impurities,” increase the life of the young positive ions by inhibiting the 
formation of the larger final ion At present, however, we have insufficient 
evidence to justify further speculation m this direction 

Summary 

The experimental method for measuring gas ion mobilities, described m a 
previous paper, has been improved m accuracy and resolving power, and applied 
to examine the effect of water vapour, methyl alcohol, and ethyl ether, on 
positive and negative ion mobilities in air 

The finite distribution band previously found is confirmed m dry air As 
water vapour is added the negative ion band is first narrowed, and then shifted 
in. the normal way for gas mixtures Positive ions are comparatively little 
affected 

In the alcohol vapour the whole negative band is abnormally shifted, without 
change of breadth The positive ion band is abnormally narrowed by the dis¬ 
appearance of the slower ions 

• ‘ Phy» Rev ,’ rol 83, p 217 (1929) 
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In the ether vapour the negative ions are very slightly affected, and the 
positive band shows both effects 

An attempt is made to interpret these results in the light of a modified cluster 
theory 

These experiments were made at the Cavendish Laboratory I gladly take 
this opportunity to express my indebtedness to Sir J J Thomson for suggesting 
the problems and for Ins interest and advice 


The Kinetic* of the Heterogeneous Thei'mal Decomposition of 
Methyl Formate 

By E W K Steacie, Physical Chemistry Laboratory, McGill University, 
Montreal 

(Conununicatcd by A S Eve, F R S —Received February 7, 1930 ) 
Introduction 

In investigating the rates of chemical reactions, gaseous sj stems are to be 
preferred on account of their simplicity The investigation of the thermal 
decomposition of organic compounds in the gaseous state possesses the added 
advantage that there is only one reactant The present investigation deals 
with the thermal decomposition of gaseous methyl formate 

Apparatus 

The apparatus was essentially the same as that which has been employed 
by Hinshelwood and his co-workers in a large number of investigations * 

A silica reaction bulb was contained in an electric furnace of a type which 
has been previously described f This was connected to a glass capillary 
manometer by capillary tubing and a De Khotinsky seal Connection was 
also made through stopcocks to a reservoir of methyl formate or to the pump¬ 
ing system All the connecting tubing between the methyl formate reservoir 
and the furnace, including the manometer, was wound with mchrome wire 

♦'Roy Soo Proo, A, voL 111, p 245 (1926), vol 113, p 221 (1927), vol 114, 
p 84 (1927), etc, 

t Steacie and Johnson, ‘ Roy Soo Proc ,' A, voL 112, p 042 (1926) 
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and was kept at a temperature of about 60° C (i e , about 30° above the boding 
point of methyl formate) At this temperature the Dc Khotinsk} seal did 
not soften sufficiently to be troublesome 

The volume of the reaction bulb was about 80 c c and that of the dead space 
outside the furnace about 1 0 c c Hence the gas not m the reaction vessel 
was only about 2 per cent of the total amount and could be neglected without 
serious error 

Temperatures were measured with a constant-volume nitrogen thermometer 
which had been checked at the freezing and boiling points of wati r and at the 
boiling point of sulphur 

Two samples of methyl formate were used The first was obtained from 
the Eastman Kodak Company It was distilled from phosphorus pentoxide 
three times to remove water and was then fractionated four times The second 
sample was prepared from methyl alcohol and formic acid* and was then dried 
and fractionated as before The two samples had identical boiling points 
and there was no detectable difference in their behaviour during the course 
of the investigation 

Experimental Procedure 

Before making an experiment the reaction vessel was t vac uati d thoroughly 
by means of two mercury condensation pumps in series The furnace was 
brought to the desired temperature and the heating element surrounding the 
manometer was switched on The tap leading to the methyl formate supply 
was opened, methyl formate vapour entered the apparatus, the tap was quickly 
closed again and the pressure and time were immediately read Subsequent 
pressure readings were taken from tunc to time until the reaction had reached 
completion The course of the reaction was followed bv the rati 1 at which 
the pressure increased 

The analysis of the products and the mechanism of the reaition will be 
discussed later It may be mentioned here that the mam reaction consists 
of the decomposition of methyl formate into methyl alcohol and carbon mon¬ 
oxide, involving the doubling of the initial pressure 

The Effect of Surface 

After a series of experiments had been made, the reaction vessel was dis¬ 
connected, powdered silica made from the same tubing was added, and the 
vessel was sealed on again After the addition of the powdered silica the 

* Perkin, ‘ .1 Chem. Soo ,’ voL 46, p 489 (1884), Young and Thomas, ibtd , vol 63, 
p 1191 (1893) 
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reaction velocity was about 29 times greater than before at all temperatures 
A sample of the same sibca powder was examined microscopically using a 
micrometer eyepiece, and its surface was estimated The total surface of 
the silica after the addition of the powder to the reaction vessel was calculated 
to be about 25 9 times greater than before Considering the approximate 
nature of the estimation of the surface, this corresponds with the increased 
reaction rate within the experimental error It may be concluded, therefore, 
that the reaction takes place entirely at the surface of the silica The 
complete heterogeneity of the reaction is further confirmed by the fact that 
the temperature coefficient was unaltered by the addition of powdered silica 
and is satisfactorily expressed by the Arrhenius equation 

The Course of the Reaction 

The products of the thermal decomposition of methyl formate have been 
the subject of two previous investigations The rate of the reaction, however, 
was not included in either of these 

Hurd* points out that since formates possess the functional grouping of 
aldehydes it is possible that they will decompose in the same manner, viz, 
HCOOCH, = CO + CH s OH 

Muller and Peytralf studied the decomposition of methyl formate vapour 
when passed through platinum tubes at 1150° C From the analysis of the 
products they concluded that the reaction probably occurred in stages, methyl 
formate first giving formaldehyde, 

HCOOCHj = 2HCHO, 

which was then followed by the decomposition of the formaldehyde in the 
manner found by Bone and Smith,| 

HCHO =» CO + Hj 

The gaseous products of the reaction were carbon monoxide 53 per cent, 
hydrogen 43 1 per cent, methane 1 5 per cent, carbon dioxide 1 8 per cent 
Formaldehyde was also isolated together with a small amount of methyl 
aloohol which, they suggest, results from the hydrogenation of the formaldehdye 
The results of the present investigation are at variance with the above 
explanation As will be shown later, the reaotion apparently consists of a 
* ‘ Pyrolysis of Carbon Compounds,’ Now York, 1929, p 524 

t Muller and Peytral, ‘ C R,’ voL 179, p 831 (1924), Peytral, ‘Bull 800 Chim.,’ 
VoL 87, p M2 (1925) 
t ‘ J Chem. Soo ,’ vol 87, p 910 (1905) 
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rapid decomposition involving the doubling of the initial pressure, followed 
by a slow secondary reaction This fact, taken in conjunction with the results 
of the analysis of the products, indicates that the reaction proceeds thus 
HCOOCH3 = CH3OH + CO 
The alcohol then decomposes in stages* 

CH s OH = HCHO I- H 2 
UCHO =CO + H, 

It has been shown b\ Boiu and Smith (loc at) tliat 111 the decomposition of 
formaldehyde at low tomperatuies some < ondensation products are formed, 
together with < arl>on monoxide, hydrogen, and some methane and 1 arbon 
dioxide This is in agreement with the results of the present invi stigation, 
since small amounts of carbon dioYide and methane are formed and the final 
piessure never reached four times the initial pressure, presumably due to 
condensation of some of the products in the later stages of the reaction 

The Analysts of tht Products of the Reaction 
Gaseous Product 1 —The gaseous produits of the reaction were analysed in 
a small form of Hempel apparatus, samples of about 5 c c being used 

I 11 the enily stages of the reaction the gaseous products consisted entirely 
of carbon monoxide This lesult was independent of the temperature or 
pressure at which the reaction was carried out When the reaction had pro¬ 
ceeded to such an extent that the ratio of the pressure to the initial pressure 
had reached about 1 7, hydrogen appeared as a product together with small 



I 2 3 4 S 

CQH 


F 10 1 —The Gaaeou* Product* of the Reaction. 

* Nef, ‘Ann D Ohem Gee,’ vol 318, p 101 (1001), Bone and Davies ‘J Chem 
800 vol lOfi, p 1601 (1014) 
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amounts of carbon dioxide and methane As the reaction progressed further 
the proportion of hydrogen in the products increased rapidly Finally, when 
the ratio of pressure to initial pressure reached about 3 0 the amount of 
hydrogen became equal to that of carbon monoxide 
In fig 1 the carbon monoxide-hydrogen ratio is plotted against the ratio 
of pressure to initial pressure It will be seen that within the experimental 


error the CO/H, ratio is independent of the temperature 

Some sample 

analyses follow -- 

T— 


per cent 

Temperature = 485° C 

CO 

62 9 


ll a 

33 0 

Initial pressure — 35 9 cms 

CO a 

2 4 


ch 4 

2 3 

Sample taken when P/P 0 = 20 

CO/H a 

= 1 90 

II- 

Temperature = 486° C 

CO 

90 1 


H a 

9 8 

Initial pressure = 22 5 cms 

co a 

0 0 


oh 4 

0 0 

Sample taken when P/P 0 = 1 63 

co/h 8 

= 9 19 

III- 

Temperature = 423° C 

CO 

45 4 


H* 

41 8 

Initial pressure = 17 2 cms 

co a 

0 2 


ch 4 

6 8 

Sample taken when P/P 0 = 2 91 

CO/H a 

= 1 08 


Other Product * — On account of the very small amounts of products which 
were available, only quahtative tests were carried out for methyl alcohol and 
formaldehyde The products were withdrawn from the reaction vessel into 
an evacuated tube The condensable products were then removed by means 
of a U-tube surrounded by solid carbon dioxide and acetone The condensed 
material was washed out later with a few drops of water and tested colori- 
metncally 

The test which was used for formaldehyde was the phenyl hydrazine hydro¬ 
chloride method described by Schryver * 

* ‘ Roy Soc Proc B, vol 82, p 226 (1909) 
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If formaldehyde were absent, the solution was examined for methyl alcohol 
by the oxidation of the methyl alcohol to formaldehyde by means of a hot 
oopper wire dipped into the solution, and the subsequent test for formaldehyde 
by the method of Schryver 

In the early stages of the reaction no formaldehyde could be detected m 
the products but very definite tests for methyl alcohol were obtained In the 
later stages of the reaction formaldehyde was easily detectable 

The results obtained for the rate of decomposition, together with the analyses 
of the products, definitely indicate that the course of the reaction is that 
previously mentioned, viz, 

HCOOCH 3 = CH„OH + CO 
OH 3 OH = HCHO + H 2 
HCRO = H, + CO 

At any rate there seems to be no doubt that the primary reaction under 
investigation is the decomposition of methyl formate into methyl alcohol and 
carbon monoxide, involving the doubhng of the initial pressure 

The Velocity of the Reaction 

Correction for the Slow Secondary Reaction —As mentioned above, the mam 
reaction is apparently followed by slow secondary changes The first requisite 
for the interpretation of the experimental results is the disentanglement of the 
mam reaction from the slow later reactions 

In fig 2, curve A, the ratio of the pressure to the initial pressure is plotted 



Flo 2—Correction for Secondary Reaction Temperature, A23° C Initial Pressure, 
23 20 cm. 


VOU CXXVII—A 
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against time for a typical experiment It will be seen that the pressure 
increases rapidly at first and appears to be about to reach equilibrium at double 
the initial pressure Instead of this, however, a very slow, practically linear, 
increase in pressure takes placo in the later stages of the reaction If this 
linear portion of the curve is extrapolated back to zero time, it intersects the 
P/P 0 axis at a value of 2 0 This line, B, represents approximately the rate 
of increase in pressure due to the secondary reaction At any time the distance 
between B and the ordinate P/P 0 = 20 represents the increase m pressure 
due to the secondary reaction, which must be subtracted from the value of 
P/P 0 m curve A to give the true rate of the primary reaction Curve C is 
constructed from the difference between A and B in this way Except in the 
later stages of the reaction this correction is almost negligible, so that no 
appreciable error is introduced by its approximate nature All the experi¬ 
mental results described in the succeeding sections have been corrected in 
this way In no case is the correction large except towards the end of the 
reaction 

The Dynamics of the Reaction —It has been shown by Hmshelwood and 
Pm hard* that in a heterogeneous ummolecular reaction if the reacting gas is 
onlv slightlv adsorbed, while one of the products of the reaction is strongly 
adsorbed, the rate of the reaction will be given by the equation 

dx _ K (a - ./) 
dt ~ 1 -f hx ’ 

where a is the original concentration of the reactant, x the amount transformed 
at time t, K the velocity constant, and b is a constant which depends on the 
degree of adsorption of the product This equation satisfactorily expresses 
the Tate of thermal decomposition of methjl formate On integration we, 
obtain 

K=l±^ log-^_ 

t *a-x t 

As Hmshelwood and Pnchaid point out, the applicability of this equation 
may be tested as follows 

Let 1 ft log a/a — x = K m , and xjt = v 
The above equation then becomes 

K = (1 + ab) K m - bv, 
or 

o = (a+ l/6)K„-K/6 
* ‘ J Chem Soc vol 127, p 327 (1925) 
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Henoe K w should be a linear function of v. The linearity of the expression 
■will be a test of the form of the equation The values of the constants will 














A 







y 

A 












_ 

y 



I 





V 

Fm 3 —Temperature, 423° C Initial Pressure, 23 20 cm 


only affect the slope and the intercepts on the axes Fig 3 is an example of 
the agreement of the experimental results with the form of the above equation 
The slope of the line m fig 3 is equal to a -f 1 jb and the intercept on the v 
axis gives the value of —K/6 The complete data for two runs are given in 
Tables I and II The constancy of the figures in the last column of each table 
proves the applicability of the equation 


Table I —Powdered silica added to bulb Temperature — 423° C Initial 
pressure = a — 23 20 ems 


Time 


• 

h m 

J v+l 35 

(»+l 35)/K* — o+l/6 

'Ts 

2 80 

5 20 

0 244 

1 

6 55 

26 8 

1 0 

4 31 

4 31 

0 207 

5 66 

27 4 

1 6 

5 69 

3 78 

0 190 

6 13 

27 0 

2 0 

6 00 

3 48 

0 174 

4 80 

27 5 

3 0 

8 82 

2 94 

0 159 

4 29 

27 0 

4 0 

10 11 

2 53 

0 143 

3 88 

27 2 

6 0 

12 43 

2 07 

0 127 

3 42 

27 0 

10 0 

16 18 

1 52 

0 106 

2 87 

27 1 

20 0 

18 SO 

0 98 

0 080 

2 28 

27 5 


Mean 27 2 


Slope - o + 1/6 - 27 2 Intercept =» - K/6 - - 1 35 Whence K - 0 338 6-0 250 
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Table II—No powdered silica added Temperature = 512° C Initial 
pressure = a = 14 01 cms 



The vanatxon of “ b "—In any one experiment the above equation fits the 
experimental results with practically perfect accuracy At constant tempera¬ 
ture, however, b vanes decidedly with the initial pressure of the reactant 
In fig 4,^18 plotted against v for experiments at four different initial pressures 
The data from fig 4 are summansed in Table III 



Fid 4 —Temperature, 512° 0. Various Pre#»ui«B 
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Table III - - Temperature = 512° C 


a 

Slope 

Intercept 

6 

! 

R | 

ab 

4 32 

4 06 

-0 34 

1 54 

0 526 

6 68 

14 01 

16 1 

-1 03 

I 0 476 

0 401 

6 63 

27 20 

31 1 

-1 90 

0 256 

0 486 

6 06 

46 63 

64 6 

—3 51 

| 0 127 

0 445 

5 93 


The product ab is thus practically constant In other words, b is inversely 
proportional to a The data fiom a senes of experiments at a different 
temporature are given m Table IV 


Table IV - Temperature — 485° C 


• 

Slope 

j Intercept 

6 | 

K 

ad 

9 70 

12 0 

-0 270 

0 346 

0 0600 

3 34 

14 41 

10 3 

-0 261 

0 240 

0 0628 

3 46 

25 02 

32 0 

-0 340 

0 164 

0 0568 

4 26 

35 40 

46 0 

-0 690 

0 104 

0 0608 

3 68 


The same variation of 6 with the initial pressure is shown here It should 
be emphasised that since b is the reciprocal of the difference between two 
quantities of similar magnitude, small experimental errors will be very greatly 
magnified in calculating the value of 6 Consequently more than approximate 
constancy of the product ab cannot be expected The moat significant point 
is that there is no steady drift m the product ab with ohanging pressure 
The above equation may be modified so as to include the variation of b 
with the initial pressure If we replace 6 by a new constant o such that 
c =a ah, we have 

dx _ K (a — a;) 
dt 1 + gc/o 

On integration this gives 


l+o 

t 


log - 


cx 

at 


The Effect of Temperature —The effect of temperature on the constant c 
is shown m Table V. 
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Table V 


Empty bulb 

Powdered silica added 

Temperature 

“C 

| (average) 

Temperature 

j (average) 


457 

4 04 

368 

3 81 

435 

•1 68 

423 

5 80 

512 

6 55 

457 

4 12 

550 

5 12 

485 

393 

0 03 

4 46 


If there is any variation m the value of c with changing temperature, it is 
very small compared with the variation in K, the velocity constant The 
extreme variation in the value of K for the conditions given in the above 
table is about 67-fold Hence, considering the magnification of errors m the 
calculation of the constant, we may regard c as independent of the temperature 

The Order of the Reaction 

If the equation 

K=L±i 4 

t a — x t 

holds for the reaction velocity, then the time to 1/2 value will be given bv 
T = {(1 -f- ah) log ‘2 — \ab}j K 

As shown above, 6 varies inversely as the initial concentration and must be 
replaced by c/a The expression for the half-life then becomes 
T {(l -f c) log 2 — £c}/K 

Hence T is independent of the initial concentration and the reaction should 
be lunetically of the first order. 

In order to reduce the effect of the retardation to a minimum the tune for 
the reaction to proceed 15 per cent has been used instead of the time to 1/2 
value As may be seen from Tables VI and VII, the time for the reaction to 
proceed 15 per cent is independent of the pressure within the experimental 


error 
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Table VI 




The Temperature Coefficient and the Heat of Activation 
The temperature coefficient of the reaotion can also be obtained from the 
results given m Tables VI and VII Tn fig 5 the logarithm of the time to 
15 per cent completion is plotted against the reciprocal of the absolute 
temperature The linearity of the curves Bhows the applicability of the 
Arrhenius equation, 

dlogK _ K/ , RTJj 
cfT 
or 

ill — E/RT 1 , 
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where t is the time to 16 per cent completion, T is the absolute temperature 
and E is the heat of activation The value of E, the heat of activation, 
calculated from the slope of the lmes m fig 6, is — 

Empty bulb E = 49,000 cal per gram mol 

Silica added E — 47,600 ,, 


Mean 48,700 

The Retardation of the Reaction by the Products 
Since the rate of the reaction is given by the equation 


dxjdt — 


K (a-x) 

1 -f ox/a ’ 


one of the products must be adsorbed so strongly that the free space is inversely 
proportional to the pressure of the product * In an attempt to confirm this 
the effect of various added gases on the rate of the reaction was determined 
A senes of experiments at 393° C were made with methyl formate alone 
The effect of added carbon dioxide, methane, carbon monoxide, hydrogen, 
an d water vapour was then investigated Some experiments were also carried 
* Hinahelwood and Prichard, loc at 
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out in the presence of the products of a former experiment which had been 
allowed to go to completion None of these additions produced any alteration 
in the rate of reaction, as may be seen from Table VIII 

Table VIII —The Effect of added Gases on the Time for the Beaction to go 


to 15 per cent completion at 393° C 


Initial pressure of 
methyl formate 

Added gas j 

Pressure of added 

Time to 15 per cent 
completion 


g<u | 

cm* 

! 

I 


8 66 

None 

_ ! 

101 

20 69 

„ 


100 

40 18 


- 

104 

25 10 

Carbon dioxide 

6 02 

102 

10 45 

» 

45 27 

98 

20 17 

Methane 

10 11 

101 

20 90 


43 33 

104 

19 87 

Carbon monoxide 

9 86 

97 

21 31 


41 04 » 

101 

21 12 

Hydrogen 

5 96 

112 

17 84 

25 01 

102 

10 03 

» 

42 78 

104 

6 03 

Water vapour 

2 51 

106 

36 71 

1 71 

99 

20 01 

Product* nf former 

15 65 

101 


reaction 



29 84 


29 66 

104 

30 33 

1 " 

44 00 

102 


It appeared therefore that the retardation must be due to some product 
formed m the early stages of the reaction and decomposed before the reaction 
had reached completion The effect of added formaldehyde and methyl 
alcohol was therefore investigated 

Formaldehyde —Formaldehyde was prepared by heatmg paraformaldehyde 


A small amount of decomposition of the formaldehyde occurred at 393° C 
for which a correction was applied The results are summarised below 


Initial pressure of 
methyl formate 

Pressure of added 
formaldehyde 

Time to 15 per cent, 
completion 

20 51 

i 1 62 

101 

19 87 

1 6 71 

107 

20 43 

| 14 24 

104 

20 86 

! 20 15 

108 

7 02 j 

20 08 ! 

107 
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There thus seems to be a very small retarding effect due to the addition of 
formaldehyde It is not, however, much larger than the experimental error 
Methyl Alcohol —At 393° C there was also some decomposition of methyl 
alcohol for which a correction had to be applied This correction was con¬ 
siderably larger than that with formaldehyde and consequently introduced 
some uncertainty into the calculation of the reaction velocity The aloohol 
was found to have a retarding effect which was independent of the absolute 
concentration, but was dependent on the ratio of the concentration of methyl 
alcohol to that of methyl formate The effect is summarised in Table IX 


Table IX - The Retarding Effect of Methyl Alcohol 


(CH.OH) 

Rate expressed as per oent i 

Rate 

(tifCOOCH,) 

decomposed in 100 seconds 

calculated 

0 00 

14 0 1 

14 0 

0 58 

0 0 ' 

4 18 

0 75 

7 0 

3 35 

0 88 

6 8 

J 02 

1 18 

8 0 

2 37 

2 00 

4 1 

1 44 


The figures given in the last oolumn are calculated from the expression 


l+cxja 1 + 4 46 (CH,OH)/(HCOOCH 3 ) 

While the retarding effect of the alcohol is considerable, it is very much less 
than the calculated amount In order to bring the observed and calculated 
values into line, it would be necessary to lower the observed value of the con¬ 
stant c from 4 46 to about 1 2, which is quite outside the experimental error 
In any case, if the alcohol were the cause of the retarding effect the rate of 
reaction should be expressed by 

dx __ K (a — x) 
dt 1 + bx 

Instead of this, the observed behaviour is expressed by 
dx _ K (a — x) 
dt 1 -f- cx/a 

It seems probable, therefore, that the retarding effect is caused, not by methyl 
aloohol itself, but by some product present in small amount which arises from 
the decomposition of the alcohol. 
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The Addition of the Products of the Reaction —In order to prove that the 
peculiar retarding effect really existed and was not an apparent effect due to 
some error m the interpretation of the mechanism of the reaction, some 
■experiments were carried out in which the reaction was allowed to proceed 
for a short tune and more methyl formate was then added For example, 
m one experiment the initial pressure of methyl formate was 12 02 cms 
When the reaction had proceeded for 120 seconds the ratio of pressure to initial 
pressure was 1 17 By calculation, therefore, the partial pressure of methyl 
formate remaimng was 9 96 cms , and that of the products 4 12 cms From 
the results of other experiments it was calculated that if the reaction had 
proceeded further the time required for 15 per cent of the remaining methyl 
formate to decompose would have been 151 seconds When the reaction had 
reached this stage methyl formate sufficient to increase the pressure by 15 71 
cms was added The total concentration of methyl formate present was then 
15 71 + 9 96 = 25 67 cms The time taken for 15 per cent of this to 
decompose was 153 setonds 

Apparently, then, the time for the reaction to proceed, say, 15 per cent, is 
in no way dependent on the relative quantities of reactant and products, or 
on the initial pressure of the reactant The retarding effect presumably 
-depends merely on how far the reaction has proceeded, i e , on the ratio xja 
The conclusions previously reached regarding the dynamics of the reaction are 
therefore confirmed 

The retarding effect in other examples was similar in every wa} to the above 
The effect of the products increased with time, i e , with xja, until the ratio 
P/P 0 had reached about 1 7 After this the retarding effect of the produots 
decreased with time, and after the ratio P/P 0 had passed 2 0 the products 
•exerted no retarding effect 

It might be thought at first sight that the retarding effect is caused by some 
product, present m small amount, whioh arises by a zero order decomposition 
•of methyl formate If this were so its concentration would be dependent only 
on the duration of the reaction, and therefore in the early stages of the reaction 
roughly proportional to a?/o This, however, is quite impossible since the zero 
•order decomposition of methyl formate would mean very strong adsorption of 
the reactant, while the observed rate of reaction corresponds to a very small 
adsorption of the methyl formate 
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Suminary 

The thermal decomposition of gaseous methyl formate has been investigated 
in silica vessels from 368° C to 560° C The decomposition is entirely hetero¬ 
geneous and is retarded by the products of the reaction The rate of the 
reaction is expressed by 


- J- (HCOOCH3) = 


K (HCOOCH 3 ) 

1 + c(CH a OH)/a’ 


where c is a constant, and a is the initial concentration of methyl formate 
The temperature coefficient of the reaction is in agreement with the Arrhenius 
equation The heat of activation is 48,700 calories per gram molcoule 


The Spectra of Trebly-ionised Oxygen (0 IV) and Trebly-ionised 
Nitrogen (N IV) 

By L J Freeman, Ph D , D I C , Imperial College of Science and Technology, 
South Kensington 

(Communicated by A Fowler, F R S —Received February 26, 1930 ) 

( 1 ) The Spectrum op Trebly-ionised Oxygen (OIV) 
Intioductory 

The spectrum of trebly-ionised oxygen has been investigated in the extreme 
ultra-violet by Bowen,* who has identified five of the deepest doublet terms, 
namely 2p *P, 2p' 2 S, 2 p' *P, 2p’ 2 D and 2jP 3 P A hst of 76 lines in the near 
ultra-violet, attributed to O IV, was given by Mihul.f but no classifications 
were made 

The present paper deals mamly with the identification of the 3s 2 S, 3 p 2 P, 
3d 2 D terms of the doublet system, and of the 3s', 3p' and 3d' terms of the 
quartet system from their combinations occurring m the visible and near 
ultra-violet regions The spectrum has been photographed on various instru¬ 
ments from X 7000 to X 1260 by using strongly condensed discharges m vacuum 
tubeB containing oxygen The detection of some of the fainter multiplets 

* ‘ Phys. Revvol 29, p 237 (1927) 
t * Thesis, University of Nancy,’ Paris (1927) 




Trebly-ionised Oxygen ( 0 IV) and Nitrogen (N IV) 331 


was greatly facilitated by the prediction of their positions by extrapolation 
from corresponding multiplets in CII* and N III t As the region investigated 
is rich m lines of O II and 0 III, there are manv instances of O IV lines being 
masked by lines of 0 II and O III 

Predicted Terms 

The predicted terms of 0 IV are shown m Table 1, the notation adopti <1 
being similar to that used by Fowler and others m recent papers 


Table 1 -Predicted Terms of O IV 


l t 

2, 

3, 7 3, 1 

Adopted I 
prefix 


Term* 

2 

2 l 

1 Zp 

»p 



2 

2 

1 

7* 

1 Sl i 



2 

1 2 

1 

3 p 

J P 



2 

l __ 2 _ 

1 j 

3d 

l_L D _ 



2 

1 2 



■ijs 

*P 

J l> 

2 

1 1 

1 

3* 

«p 



2 

1 1 

1 

25 * 

«s 

4 P 

4 D 

2 

1 1 

1 

‘P 

4 D 

4 F 

2 

3 | 

| V 

4 P 

>1) 

4 S 


Doublets 

The 2p 3 2 D term was identified by its combinations with 2p’ 2 P and 2p' a D, 
the former giving a very strong diffuse doublet with inverted satellite at 
X 1343 A prmcipal pair and a diffuse pair with satellite, having a common 
separation of 87 wave-number units, served to identify the 3t 2 S, ip 2 P id 2 D 
terms which also were found to combine with some of the deepest terms giving 
lines in the extreme ultra-violet In Table II are collected the doublet com¬ 
binations observed, including those given by Bowen The term values are 
based on Bowen’s estimate of 623500 for 2 p 2 P X 


* A Fowler and E W H Selwyn, * Roy Soo Proo A, vol 118, p 34 (1928) 
t L. J Freeman, ‘ Roy Soo Proo ,’ A, vol 121, p 318 (1928) 
t A Fowler, ‘ Roy Soo ProoA, vol 117, p 317 (1928), vol 123, p 422 (1929) 
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Quartets 

Of the quartet terms, only those of principal quantum number 3 have been 
identified—from combinations among themselves Their combinations with 
terms of principal quantum number 2 or 4 would occur far down in the 
Schumann region, probably below X 1300 
The term values are based upon the value 269000 for 3s' 4 P, derived by 
extrapolation of \/T/R for 0 II and N III Thus 

Values of s/TI R for 3a' 4 P 

CII Diff N III Diff OIV 

(assumed) (assumed) 

0 869 0 ,149 1 218 (0 J'+9) (1 567) 

The quartet combinations observed art given m Table III, and the term 
values are collected m Table IV Table V is a list of lines of 0IV and includes 
the list previously published by Bowen The disruptive discharge necessary 
to produce the 0IV spectrum is very favourable also to the appearance of 
impurity lines, so that it is unsafe to ascribe faint lines to 0 IV unless they 
can be classified Actually there are very few hues in the region considered 
which could possibly be ascribed to 0IV and which have not been classified 
The most outstanding are X 2921, X 2916 and X 2450, X 2449 These, by 
analogy with corresponding lines in the spectrum of N III, have been pro¬ 
visionally classified as 4p 2 P — 6s 2 S and 4/ 2 F — 5 g a G respectively 
IV ave-numbers enclosed m brackets have been calculated from multiplet 
structures 

Table 111 —Quartet Combinations in O IV 




Is' ‘P, 

| 269000 0 

1 

246 9 

3s’ *P. 
269246 9 

135 1 

3s' «P, 

269382 0 

3p'*P, -= 

229160 2 

39840 8 (8) 

246 9 

40087 7 (7) 




m 1 

129 2 


J29 1 



3p‘ *P, =. 

229288 3 

39711 6(7) 

247 0 

39968 6 (4) 

138 1 

40093 7 (7) 

94 5 


94 5 


94 5 

3p' 4 P t - 

220382 8 



39864 1 (7) 

136 1 

39999 2 (3) 

3p' ‘D, = 

230471 1 

29628 9 (6) 





209 7 

209 6 





3p' ‘D, t. 

239680 8 

29319 3 (2) 

246 8 

*29566 1 (4) 



m 6 

138 4 


138 3 



3j>'*D, - 

239816 3 

29183 9(0) 

246 9 

29430 8 (2) 

136 3 

•29666 1 (4) 

78 8 





3j>' ‘D, - 

239866 1 



t[29361 8] 


J [29488 7] 

3p'*8, » 

283762 7 

36247 6 (fl) 

246 7 

36494 2 (4) 

135 1 

36829 3(3) 


* Used twice f O m line at 29853 4 J OII line at 29487 83 
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Table III—(continued) 


3p' *D t 3 p' *D, 3 p' *D, 3p' *D, 

239471 1 209 7 239680 8 135 5 239816 3 73 8 239895 1 


3d' 4 F, - 212717 7 
164 1 

3d' ‘I« 4 - 212871 8 
112 4 

3d’ 4 F a - 212984 2 

3d' 4 F a - 213063 0 

*26753 4 (4) 

154 2 

26599 2 (0) 209 8 26809 0 (3) 

112 4 

[26480 9] 26696 0 (0) 135 6 *26832 2 (2) 

[26617 8] *26753 4(4) 78 8 *26832 2 (2) 

3d' 4 D 4 = 208323 9 
64 6 

3d ‘Dj = 208388 5 
46 7 

3d 4 D, - 208435 2 
28 9 

3d 4 U, = 208464 1 

31147 2(3) [31356 9] 

[31082 6] 31292 3 (1) [31427 8] 

46 7 

31245 6 (1) 135 4 31381 0 (0) 78 3 31459 3 (0) 

[31352 2] 31430 4 (0) 

* Used twice 


j 3 p 4 P, 3 p 4 P, 3p' 4 P a 

229159 2 129 1 229288 3 94 5 229382 8 

3d' 4 D 4 = 208323 9 
64 6 

3d' 4 D, = 208388 fl 
46 7 

3d' 4 D, — 208435 2 

38' 4 D, ~ 208464 1 

20836 1 (6) 

64 1 

20771 0(1) 128 7 20899 7(4) 

47 1 

[20724 01 20852 6 (2) 94 6 20947 2 (2) 

28 5 

[20824 1] 20918 7 (2) 



3d' 4 P, 38' 4 P, 3d 4 P, 

204136 0 -113 4 204022 6 -79 2 203943 4 

3p' *S, ■= 233752 7 

29616 8 (3) *[29730 1] 29809 3 (2) 

Sp'*?, =- 229169 2 
129 1 

3p' 4 P, = 229288 3 
94 5 

3p'*P 1 =» 229382 8 

25023 2 (2) -113 7 25136 9 (1) 

[25152 2] [25265 6] [25344 8] 

25359 8 (0) [25439 4] 

3p' 4 D. — 239471 1 
209 7 

3 p' 4 I>, - 239680 8 
135 5 

Sp'*D, «= 239816 3 

Sp'^i «= 239895 1 

35335 2 (2) 

209 5 

35544 7 (0) -113 3 35658 0 (1) 

[35680 3] [35793 7] [35872 9] 

[35872 5] [35951 7] 


Masked by 0 III line at 29732 17 
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Table IV — Quartet Terms of 0 IV 


s»' *P, 


3p' *D, 

D, 


n, 

D, 


3 p' *8, 

Ip' ‘P, 


P, 


269382 0 
269246 9 
269000 0 

239896 1 
239810 3 
239680 8 
239471 1 

233762 7 


735 1 
246 9 


3d'*F, 


F, 

K, 

F, 


78 3 


136 6 
209 7 


3d'*D, 

D, 


D, 

D, 


213063 0 
212984 2 
212871 8 
212717 7 

208464 1 
208436 2 
208388 6 
208323 9 


78 8 
m 4 
1 54 7 

28 9 
46 7 
64 6 


94 6 
129 1 


3rf'*P. 204136 0 

-Hi 4 

P, 204022 6 

- 79 2 

P, 203943 4 


Table V Lines of 0IV 


4817 07(1) 

4798 26 (6) 
4794 22 (2) 
4783 43 (4) 
4779 09 (2) 
4772 67(2) 


3744 73 (0) 
3738 78 (4) 
3729 03 (3) 
3726 81(2) 

3426 67 (0) 
3413 68 (1) 
*3411 76(4) 


(20724 01 
20771 0 
[20824 lj 


j 23023 2 
! 26136 9 

i [26182 2] 

j [25266 6J 
125344 8] 
25359 8 
[25439 4] 

[26486 9] 
26599 2 
[26617 8J 


5 60 (3) 

3 70(2) ' 


3209 6 
3199 5 
3194 7 


i 29119 3 
[29351 8] 
, 29772 4 
I 29410 8 
[20486 7] 
29528 9 
2966(1 1 

29616 8 
[29710 1] 
29809 3 

| [31082 6) 

' 31245 6 

I 11292 3 
[31352 2] 
[31356 9] 
31381 0 
! [71427 8] 


y 4 ‘ 


*p, 

\ 

*?, 


8, 


*D, 

*n, 

<D, 

*D, 

‘D, 


Ip' *D, - id '*JD 

1), D. 

D, D 

D, D 

D, 1>- 

D, D 

D, D- 

D, D 

D, D 

1), D- 

3»»H, - Ip *P, 
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Table V—(continued) 


2836 25 (6) 
2629 18 (2) 
2816 53 (4) 


2517 40 (7) 
2509 23 (8) 
2507 77(7) 
2501 84(4) 
2499 70 (3) 
2493 78 (7) 
2493 40 (7) 

•2450 06 (10)1 


36247 5 

3*'*P, - 

36335 6 

7j> fD, - 

35494 2 

P, 

(35544 8] 

D, 

35629 3 

P, 

35657 9 

D a 

[35793 7| 

D, 

[35872 5] 

D. 

[36872 9] 

1), 

[36951 7) 


39711 6 

3«' *P, - 

39840 8 

P, 

39864 1 

P, 

39958 6 

P, 

39990 2 

P, 

40087 7 

P, 

40093 7 

P, 

40802 9 
40814 6 

4/*N - 
I F, 


- 3d' *P 3 

s 

p a 

‘S 


- 3j> 4 P a 

P, 

P, 


' 1343 
, 1343 
i 1378 
. f923 
t921 
t802 
i f790 
f787 
,1 *779 
' f625 
, t625 
f624 
fbie 


82(1) 
848 (4) 
128 (4) 
609(3) 
93(1) 
828 (4) 
390 (4) 
270 (4) 
607 (5) 
066(6) 
318 (4) 
«< 0 ) 
7(1) 
6(1) 


L i, > 

Class 

i 

74429 7 

2p'*P„ 

1 74466 9 

p, 

74701 2 

P, 

108306 

2p »P a 

108546 

P, 

124656 

2p =,S, 

126549 4 

2p «r, 

126949 3 

p, 

128234 

Ip *L> 

159787 

2;/ *Pj 

159968 

P, 

lbOlOO 

1 Pi 

162093 

*1) 

163981 

2p *P S 

164768 

i\ 

180093 

2 V P 

180740 

P, 

180484 

P, 

180728 

P, 

261435 

7 p 1> 

157611 

Ip P 

419011 

>p P 


2^'P, 

P. 

- 2p‘*Pi 


(2) The Spectrum op Trebly-ionised Niirooen (N IV) 

Nothing has previously been published on the spectrum of N IV except an 
identification of a PP' group by Mdliken and Bowen * The predicted terms 
shown in the table are similar to those of the arc spectra of the alkaline earths 
mostly simple singlet and tnplct terms The extrapolated values given have 
been denved by application of the irregular doublet law to the terms of Be I, 
BII, and C III. 

In order to distinguish NIV lines from those of N III, spectra have been 
photographed with various intensities of discharge, the lines ascribed to NIV 
being those which were found to require a stronger discharge for their develop¬ 
ment than neighbouring N III lines 

Only the is 8 S, 3 p 8 P, 3d *D terms have been identified with certainty, the 
8 and P terms combining to give a triplet at X 3484, and the P and D terms 
giving a group at X 7123 A very strong, easily excited line at X1718 may be 
the resonance line 2® 1 8 0 —2p 8 Pj As has been pointed out before, f its 
position accords well with the result obtained by extrapolation from the 
* ‘ Phyg Rev vol, 26, p 154 (1925) 
t 1 Roy Soc ProoA, v*U 121, p. 339 (1928) 
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resonance lines of B II and C III The only other prominent hues of N IV 
m the region investigated (X 900-X 7600) form a triplet at X 264b which is 
almost certainly the combination 4/ a F — tig 3 G, expected to ot cur approxi¬ 
mately at 16N/4 2 16/N5* --- 39600 (X 2640) 

It is of interest to note that the SP triplet at X 3478 occurs very strongly in 
the spectra of Borne high-excitation Wolf-ttayet stars * notably B D 35° 4001 
47° .4821 and 36° 3987 It is probable thciefore that the spectra of these 
stars would also show the I'D group at X7124, but no observations appear to 
have been made m this region 

Predicted Terms of N IV 

Prefix Terms and extrapolated values 

2i i »S (006000) 

ip j ‘P (478000) »r ( 34500 0) 

ii 1 tS (226000) *S (239000) 

Jp | »P (202000) *P (211000) 

id ^ l D (189000) »i> (198tK>0) 

4/ ( ) *1- (111000) 

5p i ’O ( ) "U (71000) 

2 I 2 2 p *8 ( ) S P (131000) 

| ( ) 

3erms involved in observed combinations are underlined 

1 ip ’P, iP ip *P, 

210261 7 35 4 210297 1 15 8 210212 9 

3s'S, =» 239000 0 28738 3(7) 35 4 28702 9(3) 16 8 28687 1(1) 

3d *D | - 198226 7 14035 0(5) 

3d»D, = 196235 3 14028 9(1) 14 9 14061 8(2) 

3 5 3 5 

3d *D, = 196238 8 (14022 9) 14058 3(1) 15 8 14074 1 (1) 


* ‘ Pub Dom Ast Obs , vol 2 No 16 “ The O type St ire ” bv J S Plaskett 

Z 2 


h 2, 2, j 3, 3, 3, 

2 2 

2 1 1 j 

2 1 1 

2 1 | 1 
2 1 1 
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Lines of N IV 


A 


Classification, 

7127 21 (1) 

14026 9 

| ip *P a - 3<j*D, 

7123 10 (5) 

14036 0 

r„ - i). 

7111 28(1) 

14068 3 

p. - D, 

7109 48 (3) 

14061 8 

! P, - D, 

7103 28 (1) 

14074 1 

P 0 - »i 

*3484 90 (3) 

28687 1 

' »s, - ip»r„ 

*3482 98 (5) 

28702 9 

S, - P, 

*3478 69 (7) 

28738 3 

I 8, - P, 

2646 89 (8) 

37768 9 

| 4/*F, -Sff'O, 

2646 10(7) 

37780 1 

- G« 

2646 67 (7) 

37787 7 

| t, - Gj 

Avac 

1718 60 (10) 

68186 9 

i 

i»'\ - 2p «P, ? 

t924 31 

| 108188 8 

ip *l'j - 2p'»P, 

t023 68 

1 108262 6 

P, - P„ 

t923 18 

, 108321 2 

l\ - P, 

+922 67 

! 108392 9 

1*. - P. 

+922 02 

1 108467 6 

P, P, 


* A by Fowler, 'MNRAS ’ v..l 81, p 189 (1921) 
t A and classification by Milliktn and Bowen 


Summary 

About 50 lines in the spectrum of trebly-iomsed oxygen (0 IV) have been 
newly classified All the doublet and quartet terms of pnncipal quantum 
number 3 have been identified 

In the spectrum of trebly-iomsed nitrogen (N IV), combinations of the 
ip 3 P term with is 3 S and 3d 3 D have been observed Provisional classifications 
have been given for four other lines 

The author wishes to express his thanks to Prof Fowler for his helpful 
criticism and advice, and to Mr W E Pretty for access to his oxygen plates. 
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The Groujp Properties oj Du acs Operators 
By G Temple, Ph D , 1851 Exhibition Research Student Trinity College, 
Cambridge. 

(Communicated by A S Eddington FRS—Roc< ivid March 1 , 1930) 

§ 1 Introduction 

The wave equation for the spinning electron devised by Dirac* has the form 
{a3/3a; -f- (33/3 y + y3/3z -f- 83/3 (ict) -f- 2mmc/h} ^ — 0 

in free space, the symbol 4 * standing for an ordered set of four wave functions 
(yj, ip 2 , ^ 4)1 operated on by the matrices a, (3, y» 8 These matrices sati-fv 

the equations 

a* = 1, (3* =1 + (3a = 0 

which will be referred to as “ Dirac’s equations ” 

A particular set of matrices satisfying these conditions was constructed by 
Dirac and some of their properties were developed by him Eddington,f 

howevor, has obtained all such sets of four-point matrices and has investigated 
their properties by a symmetrical method An obvious generalisation of 
these researches is to remove the restriction that the matrices should be four- 
point matrices, and to study the properties common to all sets of matrices 
satisfying Dirac’s equations A further extension of this work is indicated 
by Eddington’s observation that most of these properties still persist when 
«, (3, y and 8 are taken to be any set of operators satisfying Dirao’s equations, 
and ip is a corresponding operand This interpretation seems to mark the 
limit to which the above process of generalisation oan be extended 
The object of this paper is to develop the fundamental properties of suoh 
sets of operators We consider first their " internal properties ” It is shown 
that they generate groups of order 32, all of which are equivalent to one another, 
and from which Bets of 16 linearly independent operators may be chosen 
(the other 16 operators differing from the first 16 only in sign) The law ol 
transformation of the operand vj; is then deduced from the invariance of the 
wave-equation This leads to the determination of the “ external properties ” 
of the operators, t e , the determination of all invariants, 4-vectors and 6 -vectors 
which are quadratic in iji 

* ■ Roy Soo Proc ,’ A, vol 117, p 614 (1928) 
f Ibid , A, vol 121, p 624 (1928) 
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§ 2 Definitions, Axioms and Fundamental Theorems 
In the place of the ordered set of four wave-functions used by Dirac and 
the set of matrices operating upon them, we introduce two fundamental types 
of entities—wave-numbers and wave-operators—whose natures are only 
restricted by the following axioms 

Wave-numbers, denoted by small Greek letters, <f>, , can be combined 

m pairs to form “ products ” (^, <j>) and (<j>, <]i), which arc ordinary comph x 
numbers and functions of x, if, z , t In this paper no relation is assumed 
between the products (tji, (f>) and (<f>, <]>), although further researches may be 
facilitated by the assumption that they are conjugate complex numbers 
Wave-operators, denoted by capitals, A, B, , can be combined with one 
another or with wave-numbers The product of the wave-operator A and the 
wave-number tji is written A<J> and is another wave-number The sum or 
product of two wave-operators is another wave operator, and the ordinary 
axioms of algebra apply except the commutative law of multiplication 
To any wave-operator A there corresponds an adjoint operator Af, with the 
property that 

(A*, *) = (4-, Af*) 

for all pairs of wave numbers ^ and <f> Since 

(AB<J>, *) = (B+, Af*) = (+, BfAf*) 

it is clear that 

(AB)f = BfAf 

Two types of operators are of especial importance- Hermitian operators 
for which Af = A, and alternating or skew operators for which, Af — - A 
The product of two Hermitian operators is Hermitian or skew accordingly as 
they commute or anti-commute The last axiom required is that if A is 
any operator and 

(A4», 4>) S (4>, AijO = 0 , 

for all wave-numbers <]>, then A = 0 

The preceding axioms are proved to be consistent by the fact that they are 
true when the following interpretations are adopted —A wave-number 4 
is an ordered set of n numbers (<Jq, 40 , A wave operator is a matrix 

with n rows and columns , the products (4>, *), X = A4< and AB are respec¬ 
tively given by 

Xm =SA 1w ,4i n , (ABU-LA^B*. 
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the adjoint of a matrix has its usual meaning, 

Amnt = A™*, 

using asterisks to denote the conjugate complex number 

No particular interpretation of wave-numbers and wave-operators is used 
m the following sections of this paper The axioms given above are made the 
sole basis of the analysis 

§ 3 Perpendicular Setb of Operators and the Groups they generate 
Any ordered set of four Hermitian wave-operators, Aj, A a , A s , A 4 , will be 
called a “perpendicular set” if every pair of operators satisfies Dirac’s equations, 

i(A w A B + A.AJ = 1 if m = n, 

= 0 if m # n 

By multiplying together any number of wave-operators from a perpendicular 
set and arranging the factors of the product in any order, there is obtained 
another wave-operator The number of distinct operators which can be formed 
m this way is 32 (including the operators +1 and —1) These 32 operators 
form a group whioh will be oalled the group (A) generated by the perpendicular 
set (A 1 , A*, A a , A 4 ) The other 28 operators not mcluded in the perpendicular 
set will be denoted by (A ft , A«, A 33 ) 

An Hermitian invariant of the group (A) will have the form (S<|>, iji) (where S 
is an Hermitian operator), and will satisfy the equations 

(S+, <J>) = (BA**, A,*) = (AJSA^, *), 

for all values of n Now, it is clear that A*f A* = 1, for all values of n, since 
A„t is obtained from A* by reversing the order of its factors derived from the 
original perpendicular set Hence 

8 - 4„tSA*, 

and 

A„S = SA., 

or S commutes with all the operators of the group (A), and must the refore bo 
-j- 1 or — 1 Hence the only Hermitian invariant of (A) is (tj;, ip) and the 
group (A) is therefore transitive 

Let (Bj, B a , B 3 , B 4 ) form another perpendicular set generating a group (B) 
Let the other operators of (B), (B 6 , B e B sa ) be numbered in such a way that 
B„, (n> 4), is formed from the set (B l , B 4 ) in the same way that A,, 
(n > 4), was formed from the set (Aj, A 4 ) Then, it is obvious that if the 
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product A r A„ = A, then the product B f B, = H,. 
and (B) are isomorphic 
Now, let 

P = i,B r tA„ 

Then 

B,t PA, ■= ii (B,f B r f) (A f A.) 


Hence the groups (A) 
(r = 1, 2, J2) 


Hence 

and 


= lB,f A, P, 

B.P .= PA. 

B, = PA.P" 1 


This equation shows that any perpendicular set (together with the opt latois 
of the group it generates) may be obtained from an} other perpendu ular set 
(and the operators of the associated group) by a canonical transformation, 
t e , any two groups, such as (A) and (B) are equivalent 

§ 4 A Classification of the Ojh rat or* of a Group qt totaled by a 
Perjtendiculiu Si I 

It is easily verified that, apart from the umt operators ^ 1, each of the opeia 
tors of a group generated by a perpendicular set c ommutes with 16 operators 
and anti-commutes with the other 16 It may also be shown that if R and S 
are two commuting operators of the group, distinct from one another and from 
± 1, then the only operators which commute with both R and S are the "eight 
following ±(1, R,S, RS) 

For, if T is any other operator which commutes with both R and S, the 16 
operators 

± (1, R, S, RS, T, RT ST, RST) 

all commute with one another If X is any other operatoi of the group, the 
other 16 operators are 

± (X, RX, SX, RSX , TX, RTX STX, RSTX) 

It is clear that X must anti-commute with R, S, and T , otherwise, these 
operators would commute with every operator of the group It may now be 
verified that it is impossible to select from the above operators four operators 
which anti-commute with one another Hence such an operator as T does not 
exist 
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Now suppose that R and 8 both anti-commute with Z and Y Then R, S 
must both commute with XY Hence 

XY = ± (1 or R or 8 or RS), 

and 

\ ■= ± (X or RX or SX or R8X) 

Hence there arc only eight operators which anti commute with both R and S 
To classify the operators, let c (R) denote those commuting with R and let 
a (R) denote those anti-commuting with R, while ( (R 8), a (R, S) denote those 
commuting, or anti-commuting with both R and 8 Then the scheme of 
cl uwihcation may be represented diagrammatically as 

e(R) j a(H) <■ (&) 1 a (S) 

c(R,S>) h n (R S) it <-(R, 8) U j«(R ts) ! b 

b and d denote the sets of optritois (of eight mernbus each) common to c(R) 
and a (8), a (R) and c (8) respectively 

§ 5 The Linear Independence of the Operators generated by a Perpendicular Set 
The operators of a group generated by a perpendicular set evidently form 
16 pairs the members of which dilfei only in sign By selecting one operatoi 
from each pair we obtain a set of 16 operators which may be called a ‘ funda¬ 
mental set ” It will now be proved that the operators of a fundamental set 
are ill hnearly independent 

1 f possible, let there be an effective hnear relation, H x — 0, connecting some 
or all, of the 16 operators in question H x must contain at least one operator 
say R, distinct from the unit opi rators i 1 Hence wc may deduce a further 
effective linear relation, 

H 2 = RH, + H X R, 

which can involve only those operators which commute with R H s must 
involve the unit operator and at least one other operator distinct from R, 
say 8 Hence we may deduce a third effective linear relation, 

H s =- SH a + HjS, 

which can involve only those operators which commute with both R and S 
H f must contain S Hence by the theorem of § 4, 

H 3 = l + »»R + nS + pRS, 
where l, m, n, and p are ordinary numbers and n ^ 0 
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Let X be any operator which anti-commutes with both R and RS Then 
0 = H 4 = XHj + H S X = 2ZX + 2nXS, 

whence 

l = ± «B, (X 2 = ± 1) 

This is impossible unless n = 0 — l, in contradiction with the fact that n^O 
Hence no effective linear relation can connect the operators of a fundamental 
set 

This result is especially important when the wave operators are interpreted, 
in the usual manner, as matrices of four rows and four columns In this 
particular case it follows that any matrix of this type can be expressed as a 
linear function of the 16 matrices of a fundamental set 

§ b Complete Ptrjn tul u ular Sets 

We have already defined, in § 3, the group (A) generated by the perpendicular 
set of operators (Aj, A 2 , A 3 , A 4 ) It is clear that all the operators which are 
linear functions of the operators of the group (A) also form a group (of infinite 
order) which will be called the extended group of (A) or (A') 

Eddington's “ coupling theorem * now presents itsdf as a corollary to the 
solution of the following problem —What operators of the extended group 
(A') anti-commute with (A lt A 2 , A 3 \ 4 ) * It is fouud that the only such 
operators are numerical multiples of the operator 
E - A,A 2 \ 3 A 4 

Since 

Ef = A.AjA.Aj = A 1 A 2 A 3 A 4 == E, 

and 

E 2 = EfE = 1, 

this operator is Hermitian and unitary The five operators (Aj, A 2 , A s , A 4 , 
E) may be called a “ complete perpendicular set ” 

It is an obvious corollary that the operators (A 4 E, A 2 E A 8 E, A 4 E) all anti¬ 
commute with one another But since 

(AjE)t = EfA,t = EAj = - AjE, 

these operators are not Hermitian but alternatmg Hence they do not, strictly 
speaking, form a perpendicular set, with the definition of § 3 

§ 7 The Invariance of the Wave Equation 
The wave-equation mav be written as 

W<|;EE£p,,A B tj!-|- (2mmc/h) vj; 0, 
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where (Aj, A 2 , A 3 , A 4 ) are a perpendicular set of operators and p n = 3/0x„, 
(*i> x t , * 3 , * 4 ) being written for ( x , y, 2 , ict) Any two sets of quantum operators 
(Pv Pi) and (pi, p t '), which may be used m this wave equation, are 
connected by a relation of the form 

Pm = i Pn, 

which is equivalent to a Lorentz transformation connecting the variables 
(x, y, z, t) and (x‘, y', 2 ', /') Any two wave numbers ^ and y' are connected 
by a relation of the form 

i})' — Li}), 

L being a wave-operator Th< i oefficients constitute a matrix- A which 
must satisfy the condition 

\t A = 1 

The wave equation in the accented variables and wave-number is 
W'i})' = Lp,'A,})' {litunc/hW — 0 

In general, this equation will be inconsistent with the original equation Wi}) = 0 
But we shall show that to any matrix A, there corresponds as wave-operator L, 
such that each of the wave-equations implies the other, 1 e , the wave-equation 
is invariant under the transformations specified by A and L 
Now 

W'i})' = 2 p n B R Li}) + (liumcjh) Li}), 

where 

B.^XA^A^ 

Hence the wave-operator L must be chosen so that 

W' = LW, 

1 e , 

B* L — LA, 

It may be shown, as m Dirac’s paper (loc cit), that the four operators (B lf 
Bj, B a , B 4 ) form a perpendicular set Hence we may conclude at once, using 
the theorem and notation of § 3, that 

L = 1 2B,fA„ (r=l, 2, 32) 

l being an ordinary number 

It is possible to choose l so that the operator L is unitary, 1 e , so that LfL — 1 
For, since 

B n L = LA„ (« == 1, 2, 3, 4) 



846 


G Temple 


it follows that 

LfB, = A„Lt (the operators A* and B„ being Hermitian), 

whence 

LfL = Lf B B B„L = A„ LfLA, 

Since LfL commutes with (A x , A 2 , A s , A 4 ) it must be an ordinary numbei 
Hence l may be chosen to make this number unity This is supposed to be 
done throughout the remainder of this section 
Since 

(L4>, L<J>) = (LfL|, <}/)== (+, I). 

it follows that (|, 4*) is an invariant under the transformation i|/ == L<J>, and 
that Lf L = 1 is the necessary condition for this invariance It has now been 
shown that to any transformation matrix A there corresponds one and only 
one operator L which leaves invariant the equation Wt}» = 0 and the quantity 
(4, 4) Hence if L corresponds to A and Pto II, PL must correspond to IIA 
But the transformations A, II, form a group (T) Hence the transformation 
L, P, must also form a group (G), and this group must be isomorphic with 
the group (T) 

Tho mfiuitesimal transformations of the group (G) are easily found directly 
or deduced from the finite transformations found above A typical infinitesimal 
transformation of the group (I 1 ) is 
x m ' = x m + , 

(T**) x„' — x p , if j> m or n 

x n — x n — ex m 

The corresponding mhmtesiraal transformation of the group (G) is 

(ttj <K = 'J' + 

§ 8 Quadratic Invariants 

The results of the preceding sections will now be apphed to determine all 
the invariants, 4-vectors and 6-vectors of the group (T) with components of 
the form (T<J/, 4)> T bemg an operator of the extended group (A') defined in 
§ fi It is, of course, sufficient to consider the infinitesimal transformations 
of the groups (T) and (G) noted at the end of the last section 
On applying these transformations to (Tcp, 4) we find that 
(Tf, <|/') = (T* + WKKb 4- + i^A^) 

- (Ti +) + (TAJ^A^i <|>) + *e(T4», A*A n ^) + 

= (T+, 4) + *e ([TAJ*. + A,A m T] *, +) + . 
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Now, li 40 is invariant, the term in e must vanish, i e , 

TKK + A*A m T - 0 

Hence T commutes with the six operators of the form A^A, (m ^ n), and 
must therefore have the form 

T - a + 6E, (E = AjAjAjAj), 

where a, b are ordinary numbers Hence the number of bnearly independent 
invariants is two and they may be taken to be 

(4>, 40 and (Eij/, 40 
§ 9 4- Victors 

Let the components of a 4-vector be (^, £ 2 > £ 4 ), where 

in = (T.4», 40 

T n being an operator of the gioup (A') The i-’s transform according to the 
same law as the x'n, and the application of the infinitesimal transformations 
(r^,) and (G**,) leads to the equations, 

T m A„A» f AnA^Tm -- 21’ B , (m ?£ n) 

f A„A m Tp 0, if P m or n 
These equations have the general solution 

T« = «A, + &A.K 

Hence there are only two linearly independent 4 vectors, wlut h may be taken 
to have the components 

(A n 4/, 40 and (A*4, E40, (ft = 1, 2, 3, 4) 

§10 G-Vectors 

Let the components of a 6 -vector be (t; 23 , /j 31 /) 12 , t) 14> r i24 , r (34 ) where 

*lmn = (T m „^, 4 ), 

T„ being an operator of the group (A') The transformation of the 6 -\ ector, 
corresponding to the infinitesimal transformation (r m „), is expressed by the 
equations 

= ’ll, 

r)' w — if neither p nor q equals m or w, 

= rj mp f 1 

V if p ^ m or n 

r,’ K , ==*)«,— ) 
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These relations lead to the following equations for the operators T^, viz — 

T-A.A, + AAT^ = 0, 

T w KK + AAT m = 0 , 

and 

T m AA + AXTm,-2T n , 

These equations have the general solution 

T mn - aA m X n + 6AA„E 

Hence there are only two linearly independent (>-vectors which may be taken 
to have the components 

(A.A*<J>, <10 ** 

(K AA4-) = (AA A^), 

corresponding to (x m , i n ) 

§ 11 Conclusion 

In conclusion, 1 must express my gratitude to Prof Eddington for the 
encouragement and advice which he has given me in the course of this 
investigation 
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The Operational Wave Equation and the Energy Levels of the 
Hydrogen Atom 

By G Temple, Ph D , 1851 Exhibition Research Student, Trinity College, 
Cambridge 

(Communicated by A S Eddington, FRS —Received March 19, 1910 ) 

§ 1 Introduction 

The operational wave equation used m this paper is a generalisation of the 
linear wave equation introduced by Dirac The generalisation consists m 
replacing Dirac’s matrices by any four linear operators (A 4 , A a , A 3 , A 4 ), which 
satisfy Dirac’s conditions, 

i + A.AJ = 0 if m pi n (1 1) 

1 if m = n 

The operational wave equation for free space is therefore 

= 2 p.A,^ + — 0, (12) 

p % being the quantum operator — tft 3/3r„ * 

Ihe fundamental properties of a set of wave operators (A,), satisfying the 
conditions of pcrpi ndiculanty and normahty (11), have been discussed in a 
previous paperf by the author The object of this paper is to obtain the 
energy-levels of hydrogen-hke atoms by the use of the operational wave 
equation for a purely electrostatic field, the four wave operators being restricted 
only by the conditions (11) 

Using real co-ordinates x v x 2 , x a , t — — tx 4 /c, the wave equation for a field 
of potential V may be written as 

W<Ji = {pjAj + p a A a + p„A 3 + c _1 (p 0 + eV) iA 4 + tm 0 c } = 0, 

p v Pi P 3 being the momentum operators and p 0 the energy operator In 
mampulatmg this equation it is convement to treat A 4 , A a , A 3 as the Cartesian 
components of a vector A, and to divide the operator W into two parts, 

W = W,d W„ 

where 

W. = p A, 

W, = e -1 (p 0 -f eV) iA 4 -f im^c 

* = A/(2tv), where h is Planck’s constant 

t ‘ Roy Soo Proo ,’ A, voL 127, p 339 (1930) 


and 


( 13 ) 

( 14 ) 
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§ 2 General Principles 

The possibility of obtaining a “ solution ” of the operational wave equation 
depends upon the existence of operators X such that X< p ~ a<p for any 4 
satisfying the wave equation a being a numerical constant characterising 4 
Operators such as X may be said to be “ reducible ” for 4 to the eigen value a 
A set of operators which are all reducible for 4 must evidently be commutable 
The eigen values of 4 for such a set of operators provide a numerical repre¬ 
sentation of 4* and the primary question is to examine how far 4 is determined 
by these eigen values 

From this point of view the wave equation VV4 = 0 signifies that W is 
reducible, and has eigm value 0, and all other reducible operators for 4 
must commute with W 

Since the wave equation is linear m the p s \vt are piunarilj interested in 
reducible operators which also have this property For a free electron the 
p’s themselves (being commutable with W and with each othir) form a set of 
reducible operators which are restricted only by the equation 

P 2 - c-ip^ + m 0 V = 0 (2 1) 

The eigen values of the p’s are limited only by a similar relation, and the com¬ 
plete solution of the problem is contained in the statements 

The presence of an electromagnetic potential in W winch does not < ommute 
with the p’s renders the discovery of a set of reducible operators more difficult. 
It is clear that there cannot be more than four mdependi nt reducible operators 
(C| f 2 , C„ C 4 ) linear in the p’s Any other operator R, linear in the p’s, will 
be a linear function of the C’s, say 

R = R 0 + X R„C„, = 1 R.C., (2 2) 

if C 0 = 1, the coefficients (R 0 R 4 ) being functions of the variables x and the 

operators A , and, if R is reducible, these coefficients will be constants 

To prove this, we note that R must commute with the operator W of the 
wave equation Now 

W = A„ (p t -f U t ) + twoe, 

G k being proportional to the 4-vector potential of the held Hence 
WR - RW = X (WR„ - R„W) <?;, 

and 

WR. — R,W = X, (A t R. - K.A t ) (p k + G t ) + L A k (p*R n - R„ ft ) 
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The last term is independent of the p’s and the first term is a linear function of 
the C’s, unless R„ commutes with A„ A a , A 3 and A* Hence WR — RW is 
expressed as a quadratic function of the C’s For the quadratic terms to 
vanish R n must depend only on the variables x, and for the linear terms to 
vanish R„ must reduce to a constant, r B , say, 

Hence 

— (>o + V.) 

where a v a t , a 3 , o 4 are the eigen values for the operators C lt C B , C 8 , C 4 It 
follows that if two distinct iji’s, say £ and yj, have the same eigen values (a v a t , 
*a> a i) f° r the operators (C 1 , C 8 , C 8 , C 4 ), they will have the same eigen value 
for any other reducible operator R linear m the p’s The same conclusion 
persists if R is a polynomial in the p’s For, in this case, R will be a poly¬ 
nomial in the C’s also, say R = / (C v C 8 , C 8 , C 4 ), and both 5 and yj will still 
have the same eigen value for R, namely / (o 1 , o 8 , o 8 , o 4 ) It follows that unless 
is determined by the reducible operators C t , C 8 , C 8 , C 4 , no other reducible 
operator will give any further help m its determination 

The first stage in the solution of the problem of this paper is the discovery 
of four reducible operators linear m the p’s (§ 3) This virtually solves the 
problem Following the methods of Dirac* and Pidduckf we determine the 
relation connecting these operators by transforming the wave equation to 
polar co-ordinates (§ 4), and replacing it by a second order equation for an 
ordinary numerical (t e, not operational) function of the variables (§§ 5 and 6) 
Finally, we identify the inner quantum numbers (§ 7) 

§ 3 The Reducible Operators 

In constructing a set of reducible operators we are guided by the results of 
earlier quantum theories in which such a set was provided by the r 8 -component 
of the angular momentum operator, the square of the total angular momentum 
operator, the total energy operator and the Hamiltonian operator 
We introduce the spin opeiators, 

Sj = — iA 2 A 8 , S b = — iA 8 A x , S 8 = - iA^, (3 1) 

with the properties 

Sj* = S 2 * = S 3 a = 1, (3 2 ) 

SjS 3 = AgA 3 = iS 4 = — S 3 S s , etc , (3 3) 

and 

S n = S n f, (» == 1, 2 , 3) 

* ‘ Roy Soo Proo ,’ A vol 117, p 610 
t ‘ J Lond Math Soc ,’ vol 4, p 163 (1929) 
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These Bpm operators may be treated as the Cartesian components of a spin- 
vector S 

Although neither the spin momentum operator, JftS, nor the orbital 
momentum operator, m = x A p, commutes with W, the total momentum 
operator, M = m -f- |ftS, has the required property Since 

M A M = iftM, (3 4) 

the components of M do not commute with one another, but they all commute 
with 

L = M M = M x 2 + M 2 2 + M 3 2 , (3 5) 

and this operator commutes with W Hence M 3 , L and W form a commuting 
set of operators, M 3 and W being linear functions of (p l7 p 2 , p 3 ), and L being 
quadratic A distinctive feature of the linear wave equation is the exist* nee 
of a further operator which commutes with M 3 and \V, and, like them, is a 
linear function of (p v p 2 , p 3 ) 

To obtain this operator we expand L m terras of m 
Since 

L = m 2 -f- ft m S -|- f f) 2 , 

and 

(m S ) 2 — m 2 — ft m S, (from equations (3 2) and (3 3)), 
it follows that 

L t-iA 2 = {(m S) + ft } 2 
We write N = m S for brevity 

The operator (N -(- t)) commutes with W, and anti-commutes with W, 
Hence the operator A 4 (N -|- ft) commutes with W It also commutes with the 
components of M, and satisfies the equation 

{A 4 (N +ft )} 2 = L +ift 2 (36) 

It is clear that we may take W to be one of the reducible operators and that 
a further reducible operator is the energy operator p 0 , whose eigen value is the 
energy, e, of the system 

Hence we have found a set of four reducible operators, all linear in the p’s, 
namely, 

M 3 = m 3 + iftS 8 , Q = A 4 {(m S) + ft}, p 0 and W 
The eigen values of ^ for these operators are taken to be 

uft, p,ft, c and 0 (3 7) 
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It is shown in §§ 4 and 5 that these eigen values are connected by the well- 
known relation (5 9), 

±_fi i _r* 

where e 0 — m 0 c 2 , n' is an integer or zero and « is the fine structure constant 
§ 4 The Transformation of the Wave Equation to Polar Co-ordinates 
The object of this transformation is to obtain an equation for ij; which shall 
involve only its derivative with respect to the radial co-ordinate r The trans¬ 
formation consists essentially in replacing the Cartesian components of A by 
its components m spherical polar co-ordinates The wave equation thus 
obtained, say, W f '{/ = 0, is then furthei simplified by applying a canomcal 
transformation to W f , 


£1 = TW r T -1 , 

(4 1) 

and introducing a new wave-function, 


^ = TiJ;, 

(4 2) 

so that 


L It = 0 

(4 3) 


Let R lt R a , R 3 be the tomjiononts of A in spherical polar co-ordinates (r, 0, 
<f>) If the equations of transformation are 

R m = LA m „A n , 


the coefficients A mn must satisfy the conditions that 
i. A nH A mp = 0 if n p, 

1 if n = p 

Hence 

£ (R m R p -f R„R m ) = o if »i ?£ p, 

1 if m — p 

It is clear that 

R m A 4 -f- A 4 R m = 0, (m = 1, 2, 3), 
so that the operators (R x , R 2 , R 3 , A 4 ) form a perpendicular set 
In order to replace (A x , A 2 , A 8 ) by (R lt R 2 , R 3 ) we note that 

fRj — rjAj -f- x 2 A 2 -f- X3A3 

Hence, since 

W, =- p A, (1 3), 
rRjW, = (x p) + t (m . S) 

Therefore 

R,W. = - tft d/dr + ir" 1 (A 4 Q - ft) 


2 A 2 
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Hence the wave equation is equivalent to 

- i* + }} 4» +; A*ty + KM = 0, 

or 

- it) {|: + * + IW - o, (4 4) 

since 

(3 7) 

The wave equation, W f tj> = 0, (4 4), may be further simplified by the use of 
a theorem proved in a previous paper,* namely, that since the two setsf of 
operators (R l , R 2 , R s , A 4 ) and (E, A 2 , A s , A 4 ) are each perpendicular, there 
exists an operator T such that 

R x = T _1 ET, R 2 = T _1 A 2 T, R 3 = T-’AJ, A t -= T~ 1 A 4 T, (4 5) 

and 

TfT = 1 (4 6) 

Hence, applying to W this canonical transformation, we have (4 1) 

Q = TW,T~ l = - iD + l - (e + eV) EA 4 + uhqoE, 

so that the simplified wave equation is, (4 *3), 

1 l<f> = - i!) {^ + 1 ~ + - c (c + eV) EA 4 * + irnocE^ = 0 (4 7) 

§ 5 The Formal Solution of the Wave Equation, £l<f> = 0 
Although the wave equation (4 7) involves the wave operators E and A 4 , 
it may still be solved by the usual methods of analyis We rewrite the equation 
as 

3<£/3r + ¥<f> + r' 1 (G + 1)4 = 0, 'j 

where 

F = - EA^/J )c - Ewioc/h, V (5 1) 

and 

G = — jiA 4 - EA 4 Ze s /f)c, j 

smce 

V = Z«*/r, 

Z being the effective nuclear number 
‘Roy Soc Proo,’ A, voL 127, p 339 

f In the seoond sat of operators E may be replaced by any operator perpendioular to 
A,, A,, A*, e.g, by A! (E = A, A, A, A,) 
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It is convenient to note here various properties of the operators F and G 
In the first place, we find that 


where 

and 


F 2 = X 2 and G 2 = g 2 , 
X = (e 0 * — e 2 )*/f)c, 

= (y?- « 2 Z 2 )‘, 


(5 2) 


a being the fane structure constant, 27te 2 /Ac In quantised orbits e < s 0 (the 
rest energy), and p. 2 is never less than 1 (see § 7) Hence the expressions under 
the root sign are positive, and we shall agree to take the positive value of the 
square root 
Secondly, 

FG + GF = - 28, 'l 

where > (5 3) 

8 = eZa/tc J 


Thirdly, it is clear from equation (5 2) that the eigen values of F and G are i X 
and ± q respectively Also, it follows from equation (5 3) that, if x ia an eigen 
function of F with eigen value ± X, then (G ± 8/X)y is also an eigen function 
of F with eigen value ± X 

Returning to the differential equation (5 1), we first determine the leading 
term m the asymptotic expansion of <f> This term is the solution of the 
equation 

d<f>/Sr + F<f> — 0, 

whence 

0 2 ^/3 r 2 — F 2 ^ = X 2 < j> (from (5 2)) 

Therefore 


^ ~ ^o exp (db Xr), 


<f> 6 being independent of r Accordingly we take 
x = 2Xr 'J 

as a new variable, and > (5 4) 

\ = <f> exp Xr J 


as a new function The equation for \ is 


using accents to denote differentiation with respect to x 
We now assume that this equation possesses a formal solution of the type 


5 = ^ jsjL x", 


(5 6) 
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n being an integer or zero, and £, an operator independent of x The indicial 
equation is 

(l+GKo+pSo-O, 

and the recurrence relation is 

(G + P + m + 2)S»+i = — I(X -l F = 1) (« =0,1,2, ) 

Hence (p + 1) = ± g, and, to obtain a solution which is hmte when * = 0, 
we choose the upper sign, i e , 

p=0 — 1 (06) 

The recurrence relation now becomes 


{G+g + n + l)^ +1 = -i(X-»F-l)5„ (n = 0, 1,2, ) (57) 

Now <f> = exp (— and, anticipating the results of the next section, 

we may say that the series for £ must terminate if <f> is to remain finite as 
x -*• oo If the last coefficient is , it follows that 

F&. - X&, 

But 

_ Nx-tp _ D5. _ 1=! (G+ * + "')&. 

= (G + 8/X)£„ 4 (<7 + n'-8/X)5, 

On multiplying both sides by (X — *F 4-1) we find from (5 2) that 

8/X - q = (5 8) 

whence we obtain Somraerfeld’s result that 


[«' f (p*-«*ZW 


§ 6 Introduction of Lagucne Polynomials 
In this section we shall show that the first order wave equation for the wave 
function <f> (5 1) may lie replaced by a second order equation for an ordinary 
function /, the wave operators having been eliminated 
Smce by equation (5 7), 

(G + p4-»)^ = -i(X- 1 F-l)5„- 1 , (»= 1,2 ) (61) 

it follows that 

(F-f X)(G4-04-*)^ = O, 

te (G 4- g + n) is an eigen function of F with eigen value — X for all values 
of n > 0 The simplest way of satisfying this condition is to take any eigen 
function of F with eigen value — X, say 7 j, and to write 
(G 4- g + ») & = C.T), 
c» being an ordinary number 
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It now follows that 


<G — g — w) (G + g + n) = c„(G — g — n) 7), 
or 


(to* 4- 2tig) £» = c„ (gr + m — 

Hence 

In = «„(</ + n—G) yj, 

G) T) 

(6 2) 

where a n is an ordinary number, and 



„S o ^ar = (9 — j£a*f+vi 

LI* 

(6 3) 


This is the genesis of Pidduch’s transformation (foe cU ) We write 


/(x)= £ a„x», 

» - 0 

and 

5 = x"7(.r) ( 7 -G)ti + ^/'(x)7) 

The equation for /(x) is easily found to be 

ipf" + *j{(ty + l) — *}/' ^}/=0 

1 

p \-'8—g J 

*/" + (? + 1 — *)/' + Pf — 0, 


If we write 
and 
so that 


(6 4) 


(6 5) 
(6 6 ) 


it will be recognised that <£ (= exp(—|x) 5) will remain finite at infinity 
only if p is zero or a positive integer This is the condition (5 8) anticipated in 
the previous section 

If p is zero or a positive integer, /(x) will be a multiple of Laguene’s poly¬ 
nomial Lp 9 (x) The expressions for 5 and <j> may be simplified by the use of the 
reduction formula, 

X ~ ^ — (P + 7) I4-i (*) (6 7 ) 

We find that 

<f> = e“**x , ~ 1 {V( a; ) (P +9 — G)’tj — (p + q)l4-i(x) tj}, (6 8) 

where 

g = (g* — a*Z*)*, q — 2g, p is 0, 1, 2 , 

and Y) is any solution of the equation 

(F+X)y]=0, 


F being the operator — (EA«« -f- Es 0 )/f)c, and X being (c 0 * — s*)*/f)c 
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This result and that obtained in the last section (5 9) contain the solution of 
the problem of determining the wave functions and energy levels of hydrogen- 
like atoms It only remains to identify the quantum number fx 


§ 7 The Nature of the Quantum Number (x 
In this section it is shown that the quantum number jiisa non-vanishing 
integer and that it is simply related to the serial quantum number l of non- 
relativistic quantum theory 

The operators m 3 , £f)S 3 and M 3 all commute with one another Let mf)> 
sit and ui) be a simultaneous set of eigen values Then it is dear that 

« = )» + », (71) 

and 

* = ± l (7 2) 

h 3 

But m 3 S — , whence it follows that the eigen functions of m a will contain 

2m o<f> 

the factor exp and will be single-valued functions of the co-ordinate <f> 
only if m is an integer or zero Hence the eigen values of M 3 , t e, the 
quantum numbers u, are all half odd integers 
Now let be a simultaneous eigen function of M 3 , Q and W with eigen 
values uit, (xf), and 0 Since 

M 3 (M x -f iM a ) - (M, + iM 2 ) M 3 = it (Mj + iMj), 

it follows that, unless (M x + iM a ) ^ equals zero, it is also an eigen function of 
M s with eigen value (u + 1) Also, since 

(M x - iM a ) (Mj + iM a ) = M M — M s 2 — f)M 3 


it follows that if x is the eigen function of M 3 which gives the eigen value, u, 
its greatest value, , then 


and 

Hence 

and, similarly, 


(Mj-f tM a )x = 0, 

Q J x = (M 3 + m 

«m*x = I fi I — J, 

Uroln = —| |i| + i 


(7 3) 


The quantum numbers of M a evidently form an arithmetical progression of 
half odd integers, symmetrically distributed about zero Henoe the number 
of u’s, t e , 21 |i|, is an even integer Hence [x is a non-vanishing integer 
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To obtain the relation between (a and l, we form a second order equation for 
the wave function <f> Since 

(j r + F + <f> = 0, (equation (5 1)), 

it follows that 

(| r - F + L 7^) (£ + F + i T^)^ ==0 

In virtue of the relations established in equations (5 2) and (5 3), this reduces 

(IH I- 2 **-**?)*-* 


/ a a ,2 a o 2 - 


-#+-) (G-g)<f> = 0 


This reduces again to the non-relativistic wave equation, if we put 

* = H + e 0l (7 4> 

and make c -*■ ao 
Then, 

0-|ti|, ^-(StAw/A^H, and 28->-(87t 2 m/A 4 ) Ze 2 
Hence the equation becomes 

{!•+* («-»)*=» (T5> 

A comparison of this with Schrodinger’s equation shows that 

+1) 

Hence, smee / is never negative, 

i = ii^l -1, if n>° j (76) 

l = |p|, if (A <0 J 

Now if n is the total quantum number, i e , 


the possible values of l are 0,1, 2, (» — 1) Hence the possible values of p. 

are — (n — 1), — (n — 2), —2,—1,1, 2, (n-1), n 

Even when c is taken as finite the same conclusion persists, since [A—neces¬ 
sarily a continuous function of e —cannot vary per saltern Hence it must 
retain the same integral values 
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§ 8 Conclusion 

The usual approximation to e, obtained from the exact equation (5 9) by 
retaining powers of a up to the fourth only, is 

e — e n RZ» Ra*Z 4 /n 3\ , a n 

'T J=, -y + — \R“5)' (81) 

where Ryberg’s constant R = = 2irhnoe*/h 3 From this equation and 

the relation between ) p. | and l, the fine structure of the spectrum of hydrogen- 
like atoms is easily deduced 

It must be emphasised in conclusion that the wave operators A lt A s , A s , 
A 4 occurring in the wave equation have remained unidentified throughout the 
whole of the investigation together with the wave function ^ 

The author hopes to discuss, in a subsequent paper, the anomalous Zeeman 
effect, the selection rules and the intensities of Bpectral lines 

In conclusion, I must express my gratitude to Prof Eddington for his interest 
m this work and for many valuable suggestions 


The Raman Spectra of some Organic Halogen Compounds 
By S Bhaoavantam and S Venkateswaran 
(Communicated by Sir Venkata Raman, F R S —Received February 3, 1930 ) 

1 Introduction 

The Raman spectra of organic compounds have recently been the subject 
of investigation in many laboratories As yet, however, only a few organic 
halogen compounds have received attention * It was considered that a 
detailed investigation of several compounds of this class would throw light 
on fundamental questions concerning the Raman effect Some 17 halogen 
derivatives of the aliphatic and aromatic hydrocarbons were accordingly 
investigated by the authors and the results are described in this paper The 
experimental arrangements are those recommended by R W Wood f The 
accompanying tables show the analysis of the Raman lines Under the column 

* Pnngsheun and Rosen, * Z Physik,’ voL 50, p 741 (1928), see also Bonmo and 
Brail, ‘ Gazz Chun. ItaL,’ vol 59, p 643 (1929) 
t ‘ Phil Mag ,’ vol 6, p 729 (1928) 
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Av are given the differences between the wave-numbers of Raman lines and 
the exciting lines of the mercury spectrum X A U 3660 1, 3654 8, 3663 3, 
4046 6, 4077 8, 4339 2, 4347 5, 4368 3, 5460 7, 5769 5, and 5790 5 repre¬ 
sented by the letters a, b, c, d, e,f g, h, A, l and m respectively Those Raman 
lines which happen to coincide with the incident lines of the mercury spectrum 
are not included m the tables 

2 Discussion of Results 

Before discussing the question whether any, and if so which, of the Raman lines 
may be regarded as characteristic of the halogen atoms in these compounds, 
we may consider those to which a different origin may be definitely assigned 
Among these, the group of lines which appears at about Av 2950 wave numbers 
is the most prominent, and has been assigned by various investigators to the 
aliphatic C-H vibration As in most of the other aliphatic compounds in the 
halides also, the hnes of this group are more or less equally spaced (the constant 
spacing being .about 40 cm -1 ), and show a distinct tendency to broadening in 
the higher members But there is one significant fact which deserves emphasis, 
viz , that in the simple derivatives like CHC1 3 and CHBr„ which contain only 
a single hydrogen atom, the multiple structure seems to disappear completely, 
only one line corresponding to a shift of 3020 cm -1 appearing in this region 
This frequency is also much higher than the mean value 2950 generally attn 
buted to the vibration of aliphatic C-H In CH S C1 8 the hne is double (2930 
and 2988), while in methane itself in the gaseous state it shows three distinct 
components corresponding to Av 2915, 3022, and 3072 respectively * The 
origin of the fine structure of this aliphatic C-H band has not been clearly 
understood, but the above observations seem to suggest that the structure 
depends to some extent on the number of the CH bands present in the molecule 
and on the complexity of the latter 

The Raman line corresponding to a shift of 1440 wave-numbers also appears 
to be connected with the vibration of the hydrogen atom in the aliphatics, 
since it is invariably present m all the ahphatic compounds where the 3 (x 
band appears Whether the fact that the former frequency is roughly half 
of the latter, is in any way significant cannot be answered until the dyuamics 
of the different modes of vibrations of the molecule have been actually worked 
out 

We now come to the frequencies characteristic of the halogen atoms Tables 
I, II, III and IV give the analysis of the Raman spectra of CH a Cl r CHC1 3 , 
* Dickinson, Dillon and Rasetti, ‘ Phys Rev ’ vol 34, p 582 (1929) 
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CHBr s and CC1 4 which are the simplest of the compounds studied by us A 
prominent feature of their spectra is the occurrence of several Raman lines 
very close to the exciting hne which is evidently due to the large mass of the 
halogen atoms From the fact that these low frequencies are very muoh 
smaller than m the case of the infra-red frequencies of most of the ordinary- 
types of vibrations, there has recently been a tendency to conclude that they 
must be of the nature of differential frequencies, t e , can be explained as 
differences between two others which he in the near infra-red Thus Langer* 
explains the presence of Raman lines corresponding to Av 215, 314 and 459 
m CC1 4 as due to differences between certain observed infra-red absorption 


Table I —Methylene Chloride,* CH,C1 2 



* The Raman spectrum of this liquid has been studied by Pnngsheim and Rosen who report 
only the three strong frequencies ( toe rtf ) 

[Note —In the tables that follow the abbreviations used are given below —a - sharp* 
d = diffuse, b — broad, s, «» wave number of the Raman line, I *» intensity J 


Table II —Chloroform,* CHC1, 



* This liquid has been studied by several investigators and the results are in good agreement. 
* ‘ Nature,’ vol 123, p 345 (1929) 
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Table III — Bromoforra,* CHBr s 


I 

- 

Av 

I 


Av 


I 


i J ' 

0 

27913 

a l- 224 

0 

26732 

o-657 


2 

23159 

A + 221 

0 

27509 

c + 155 


24930 

d + 225 


2 

23094 

4+156 

0 

27239 

a - 150 

1 

24859 

d + 154 


3 

22784 

A — 154 

0 

27108 

6 - 150 

2 

24553 

d - 152 


3 

22714 

A - 224 



fc- 158-1 

2 

24486 

d- 219 


2 

22398 

A- 540 



\6 - 222/ 

0 1 

24370 

a - 3019 


2d 

22280 

A - 058 

0 

27065 

c - 225 

2 

24168 

d - 537 


0 

21796 

A - 1142 

0 

26847 1 

a- 542 

Id 

24048 

d - 667 


0 

21684 

d-S02l 








0 

21501 

A - 1437 


Av 154(2), 223(2), 640(2), 657 (Id), 1142(0) 1437 (0) 3020(0) 

• The Raman spectrum of this liquid has been studied by Ganesan and Venkateswaran, ‘ Ind 
J Phys , vol 4, p 196(1929) 


Table IV —Carbon Tetrachloride,* CC1 4 


I 

•3 

Av 


I 

■’i 

Av 


I 

l 

Av 

0 

27139 

6-215 


4 

24492 

d - 2H 


0 

22778 

g - 2L7 

2 

27076 

a - 313 


4 

24391 

d- 314 


5 

22718 

A - 220 


27042 

6-312 


0 

24299 

e - 217 


0 

22879 

g- 316 

3 

20929 

a - 400 


5 

24247 

d - 458 


7 

22623 

A - 315 

0 

26896 

6 - 458 


O 

24207 

« - 309 


0 i 

22535 

g - 460 

0 

26810 

e - 400 


O 

24060 

t - 460 


8 

22480 

A - 458 

1 

20025 

a- 704 


2d 

23943 

d - 762 


2 

22177 

A - 761 

1 

20597 

a- 792 


2d 

23914 

d - 791 


2 1 

22149 

A - 789 

0 

25162 

<1+ 457 


1 

23393 

A+ 455 


o 

21403 

A - 1535 

1 

25017 

d + 312 


2 

23248 

A + 310 





2 

24920 

d+ 215 


3 

23154 

A + 216 






Av 216(4) 313(5), 459(6), 791 (2), 762 (2d), 1535(0) 

* This liquid has been investigated by several others and the results are in good agreement 


values, and is of opinion that such long wave-lengths cannot be due to funda¬ 
mental oscillations His arguments, however, are not convincing, especially 
m view of the fact that Marvin* has quite as successfully explained the occur¬ 
rence of short wave lengths m infra-red absorption as due to summational 
combinations of the long waves as revealed by the Raman spectra, taking the 
latter as truly representative of fundamental oscillations m the molecule 
The case of carbon tetrachloride is a system of the AX 4 type which has nine 
degrees of freedom if we neglect rotation and translation of the molecule as 
a whole It is shown by Dennison,f in the particular case of methane, that 
such a system, if it is perfectly tetrahedral in nature, is degenerate andfgives 

* ‘ Phys Rev vol 33, p 952 (1929) 
t * Astrophy* J vol 62, p 84 (1925) 
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four fundamental vibrations, any slight departure reaultmg in new and shghtly 
different fundamentals coming in From the work on light scattering it is, 
however, definitely known that these compounds do show a small anisotropy 
which implies an asymmetry In view of this the number of frequencies 
actually observed in the Raman spectrum of carbon-tetrachlonde, namely, six, 
is not too large, and there is no a prion reason for assuming that they have a 
combinational origin In fact, a rough calculation on the basis of the well- 
known discussions of Dennison on the vibrations of the CII 4 molecules shows 
that such small frequencies can directly be attributed to some of the modes of 
vibration of the molecule 

Considering the simple case of a diatomic molecule, Van Vleck* has given 
good reasons for believing that the most intense scattered lines correspond to 
Ay = 0 repr< senting simple Rayleigh scattering while those corresponding 
to Ay = J_ 1 represent the strongest Raman lines and come next in intensity, 
where v stands for the vibrational quantum number Less intense still are 
the Raman lines Aw = ± 2, which are ordinarily too weak to det( ct experi¬ 
mentally Similarly, in the case of polyatomic molecules, the occurrence of 
Raman hues whose displacements are either harmonics of a fundamental 
vibration frequency or combinations of two different fundamentals is to be 
admitted, if at all, only as an exception In fact, it is suggested by Van Vleck 
that m the case of carbondioxide the two prominent frequency shifts As 1284 
and 1392, which do not correspond to any observed infra-red absorption lines, 
are really the fundamentals 

The availablt data regarding the Raman spectra of a large number of com¬ 
pounds i eveal definitely that the presence of combinational frequencies or 
overtones seems to be very rare if they occur at all , which is in agreement with 
the above views Tins is supported by the fact that some of the small fre 
quencies of CC1 4 persist more or less unchanged in the other chlorides also as 
may be seen from the tables As already mentioned in an earher part of this 
section, the presence of such low frequencies, which are more numerous in 
the case of the halogen compounds (especially in the earher members) than in 
other compounds of comparable complt xity, affords further support for our 
view | 

* ‘ Proc Nat Acad 8civol 15, p 754 (1929) 

t In the more complex cases, we clearly realise that even if the masses of any of the 
individual component atoms is not large, we might still get very low vibrational frequencies 
due to oscillations of groups, rather than individual atoms, e g , pentane showB a Raman 
frequency as small as 143 cm _1 (see Ganeean and Venkateewaran, ‘ Ind J Phys ,’ vol 4, 
p 195(1929)) 
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We would also like m this connection to draw attention to some of the 
inorganic chlorides and bromides studied by Dauref where all the Raman 
frequencies occur only m the region we are discussing The continual shifting 
of the Raman lines towards the exciting line, as we go from the lighter to the 
heavier atoms, as is evidenced, for example, by the transition from the tri¬ 
chlorides to the tribromides, or from the trichlorides of the various elements of 
widely varying masses, may also be emphasised as supporting the view sug¬ 
gested Thus it seems fairly clear that m general a combinational or overtone 
frequency, if it comes at all, does so with far too feeble an intensity to be 
detected experimentally 

Tables V to XVIT give the analysis of the Raman lines in the more complex 
halogen compounds studied The general features such as the occurrence of 


Table V —Ethylene Chloride,* C 2 H 4 01 2 



* Bomno and BrftU have investigated this liquid (Joe cit ) 


Table VI —Hexachlorethane Dissolved in Carbon Tetrachloride,* C 2 C1« 

I p, dp I j iq | dp 

1 23845 d- 860 

0 23376 h+ 437 

0 22593 A - 345 

dpt 345(0) 434(2), 800(1) 

* The Raman line* due to CC1 4 are omitted The choice of the solvent is not quite satis 
factory m that there is a possibility of some of the Raman hoes characteristic of the two com 
pounds coinciding 


0 22562 g - 433 

2 22505 A — 433 

Id 22079 A- 859 


I pi dp 


Od 24360 d - 345 

2 24271 d - 434 

0 24082 t - 434 


f Thesis presented to the University of Paris (1929) 









366 


S Bhagavantam and S. Venkateswaran 

Table VII —Propyl Cblonde, C 8 H 7 Cl 



Av 108 (1), 173 (1), 230 (0), 306(0), 374(1), 600 (0), 606 (2), 735 (2d), 798 (1), 
1031 (0), 1460(1), 2810(0) 2879(2), 2969(36) 


Table VIII -Isopropyl Chloride* (CH 3 ) 2 CHC1 


24471 
24432 
24389 
24360 
24303 
24277 
24178 
24088 
21884 
23816 
23762 
21690 
23640 
23540 
23437 


{?■ 


-2018 
2067 
2956 
3029 \ 
346/ 
402 
428 


- 1006 
- 1066 
- 1166 


fd- 1268 \ 
\e - 1079/ 


23361 

23263 

22832 

22771 

22595 

22549 

22511 

22475 

22321 

22050 

21972 

21016 

21873 


fd - 1462 \j 
\e - 1263/ 


fh— 1065\ 
\d -2832/ 


21776 

21748 

21717 

21676 

21639 

21601 

21667 

21616 

21486 

20113 

20070 

20026 


/A - 1182 'l 
\d — 2020 / 


- 2877 
-2910 

- 2940 
-3000 

- 1462 


Av 106 (Od), 107 (Od), 344(1), 396(0), 428(1), 463 (0), 617 (4), 889(2), 964 (0), 
1014(06), 1066(1), 1163(2), 1260(0), 1402(0), 2828 (2), 2869(2), 2910(3), 2932(2), 
2067(2), 2092 (2), 3024(0) 


* The Raman line corresponding to a frequency shift 750 cm is very weak in the soattered 

spectrum of this liquid and hence could not be measured accurately 
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Table IX —I&obutyl Chloride, (CH 3 )* CH CH a Cl 



Table X —Allyl Chlonde,* CH a CH CII 2 C1 



Jv 310(2), 413(4), 517(0), 590(4), 741 (06), 940(3), 1117(0), 1204(3), 1204(3) 
1304 (3), 1334 (2), 1417 (3), 1647 (6), 1097 (0), 2882(1), 2906 (3), 3027 (1) 


* PetrikaJn and Hoohbera have studied the Raman spectrum of this liquid Some of the 
frequencies have, however, been overlooked by these authors, 4 Z Phvs Chem ,’ vol 4 p 299 
(1929) 


vol oxxvn — i 
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Table XI —Ethylene Bromide, G^Br,, 



2#71(1), 3008(0), 3028(0) 


Table XII Ethyl Bromide, 0 2 H r ,Br 



Table XIII —Propyl Bromide, C 3 H 7 Br 
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Table XIV—Isobutyl Bromide, (CH 3 ) a CH CH a Br 



Av 305 (4), 472 (1), 519 (3), 698 (0), 625 (3), 054 (4), 812 (2), 840 (0), 958 (1), 
1113 (0), 1147 (2), 1239 (0). 131« (06). 1462 (26), 2860 (2), 2920 (2), 2966 (4), 3000 (2) 


Table XV—AUyl Bromide, CH a CH CH a Br 



2 b 2 
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Table XVI —Chlorobenzene, CjH 5 C1 * 



Av 198(5), 299(2), 420(8), 815(6), 704(8), 742(0 d) 830(1), 1004(10), 1023(0) 
1084(6), 1123 (3), 1160(4), 1383 (0), 1583 (6), 3067 (10), 3168 (1) 

* Several investigators have studied the Raman spectrum of this liquid but many new fre 
quenoies have l»en recorded in this paper 


Table XVII —Bromobenzene, * C e H 6 Br 



Av 181(1), 239(0), 317(0) 607 (06), 673 (06) 1026(0) 1079(0) 1188(0), 1307(0), 

1590 (Id), 3060(1) 

* This liquid has been studied by Dadieu and Kohlrausch, ‘Site Ber k Akad Wien,’ 
tol 138, p 335 (1929), and Fujioka, ‘ Inst Phys Phem Res ’ (Japan) vol 2, p 205(1929) 
and the results are in good agreement, 


low frequency shifts characteristic of the earlier members already noticed 
continue to appear m these compounds A comparison of the frequency 
shifts m the chlorine and the corresponding bromine compounds shows that 
they are invariably shifted farther away from the exciting line in the case of 
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the former This is obviously due to the large difference m the masses of the 
chlorine and bromine atoms The prominent frequencies of the chlorine 
compounds range about the mean values Av 750, 660, 320 and 250, whereas 
in the bromine compounds we get Av 660, 550, 230 and 160 There is thus 
seen a one-to-one correspondence between the characteristic frequencies of 
the two classes of compounds This is particularly conspicuous in the case 
of CHC1 3 and CHBr 3 as may be seen m the figure 

Methylene Chloride 
Chloroform 
Bromoform 
Carbon Tetrachloride 


■400 1 200 2 000 2 800 


J±__iL 


JJ_ LI— 


111 


On an examination of the tables it is also found that the frequency 750 cm -1 
appears prominently in all the chlorine compounds except m isopropyl chloride, 
where it is very weak, and it seems reasonable to attribute it to the C-Cl bond 
The frequency 660 cm -1 plays a similar part in all the bromine compounds 
But when we attempt to calculate from the known dissociation constants foi 
these bonds on th« basis of the foimula used by Dadieu and Kohlrausch (which 
lias been applied with fair succ ess to the calculation of the Raman frequenc i«s 
of seveial types of chemical bonds*), the frequencies for the C Cl and C-Br 
bonds corn* out as 832 and 693 respectively These are somewhat higher 
than the experiment.il values mentioned above, and the reason for this dis¬ 
crepancy is not clear It is probably due to the simple assumptions under 
lying Dadieu and Kohlrausch’s method of calculation not being applicable to 
cases where one of the vibrating atoms is of very large mass It must, how¬ 
ever, be pointed out m this connection that the discrepancy in the case of the 
heavier atom, viz, bromine, does not seem to be greater than in the case of 
chlorine Whatever might be the reason for tho failure of the theoretical 
formula, it seems fairly clear that the frequencies above mentioned, viz , 
Av 750 and Av 660, are really characteristic of the C-Cl and C-Br bonds since 
they respectively appear without any exception m all the chlorine and bromine 
compounds studied by us, and in most of these liquids with some prominence 
There is one interesting fact connected with the Raman lines corresponding 
* Dadieu and Kohlrausch, ‘ Sitz Ber K Mad Wien,’ vol 138, p 419 (1929), see 
also Venkateswaran and Bhagavantam, “ The Raman spectra of some aldehydes ” (in 
course of publication) 





372 Reman Spectra of some Organic Halogen Compounds . 

to the above frequencies (Av750 for ohlonne derivatives and Av660 for 
bromine derivatives) which distinguishes them from the other Raman lines 
appeanng in our spectrograms, viz, they are somewhat diffuse As has 
already been pointed out by one of us,f this is particularly conspicuous m the 
case of CC1 4 , CHC1 S and CHBr 8 Whether the diffuseness of this Raman line 
is really due to the occurrence of two very close lines due to a small difference 
in frequency of oscillation of the two isotopes of the chlorine and bromine 
atoms is more than we can say, since the dispersion of our instrument was not 
sufficiently large to be capable of resolving the lines if they occur 

Wo shall now discuss briefly the characteristic features of the Raman spectra 
of chloro- and bromobenzene, which are the only aromatic compounds studied 
m this paper In the scattered spectrum of the former a Raman line corre¬ 
sponding to Av 3168 is observed which is of special significance in view of the 
fact that such high frequencies are rare As might be expected, these two 
compounds show several Raman bncs corresponding to low frequency shifts 
The general phenomenon mentioned already regarding the shift of the Raman 
lines of the chloro-denvatives farther away from the incident line than in the 
corresponding bromo-denvatives is also observed here Chlorobenzene shows 
two prominent Raman lines corresponding to Av 1084 and 1123 which are 
absent in benzene 

The Raman line corresponding to Av 1000 which is very prominent in benzene 
continues to appear in both these compounds, in addition to which a new 
frequency Av 1025 is present This doubling seems to be characteristic of 
substitution, as data on other substituted benzene derivatives also show the 
same phenomenon The intensity of this new component, namely, Av 1025, 
vanes with the nature of the substitution Its significance is discussed by the 
authors in another paper 

3 Summary 

Results of a study of Raman spectra of 17 halogen derivatives of the aliphatic 
and aromatic hydrocarbons arc reported It is suggested that combinational 
or overtone frequencies may occur in the Raman spectra, if they do so at all, 
only under exceptional conditions, and that the frequency shifts usually observed 
are to be interpreted as pnmanly due to the fundamental oscillations in the 
molecules The occurrence of several small frequency shifts m all the sub¬ 
stances studied with a more or less one to-one similarity m the corresponding 
chlonne and bromine derivatives is taken as evidence supporting the above 
| Ganesan and Venkataswaran, loc ctf 
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view The baud at about 3 3 [i characteristic; of the aliphatic C-H linkage, 
which usually consists of scveial components m the higher members, gives place 
to a single hne m chloroform and bromoform 

From a comparison of the data it appears that the Raman hne corresponding 
to Av 760 can be ascribed to a vibration m the C-Cl bond, whereas the one 
corresponding to Av GW) can be ascribed to the C-Br bond The diffuse nature 
characterising the Raman luies shifted by the above frequencies, which is 
particularly conspicuous in CIIC1 3 , CC1 4 , and CHBr 3 may be duo to an un- 
lesolved structure arising from the presence of isotopes in chlorine and 
biomine 

In conclusion, the authors desire to express their best thanks to Prof Sn 
0 V Raman, F R S , and Mr K S Krishnan for their kind interest in the 
work The investigation was earned out in the laboratory of the Indian 
Association for the Cultivation of Science 


The Libeialion of Electrons fiom Metul Sutfuus by Positive Ions 
Part I —Experimental 

By M L 10 UuriiANi, Ph L), Exhibition of 1861 Senior Roseauh Student, 
Trinity College, Cambridge 

(Communicated bv Su Ernest Rutherford, F US — Recuv<d February 27, 1‘MO ) 

Modern theories* of the glow and arc discharges require that elections should 
be set free from the cathode surfaoe as a result of the bombardment by positive 
ions The conditions m the neighbourhood of the negative electiode arc 
exceedingly complex, and it is only by systematic examination of each reaction 
which wo believe to be present, isolated from the disturbing effects of tin others, 
that we can hope for a complete understanding of this important legion This 
paper describes some experiments which have been carried out m an endeavour 
to explain the preoise nature of the reaction between the positive ions and the 
surfaoe of the conductor 

The literature of this subject is fairly extensive, and many of the experiments 


Of Compton and Mors®, ‘ Phys, Rov,’ vol, 30, p 305 (1027) 
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have been’very carefully thought out * It seems to be quite definitely estab¬ 
lished that ions of velocity greater than about 100 volts set free electrons from 
metal surfaces whioh are not rigorously freed from gas Most of the experi¬ 
ments have been earned out with alkali ions from thermionic sources, and owing 
to the abnormally low ionisation potentials of the alkalis the results are scarcely 
applicable to the case of discharges m ordinary gas We are not concerned 
with the liberation of electrons by very fast canal rays or alpha particles, but 
with the effect produced by positive ions of less than about 1000 volts energy 
Penning! has established by a series of oxpenments that neon ions of as httle 
as 7 volts energy, drifting up against a metal surface, are able to set free electrons 
from it 

The present experiments were carried out with helium ions, except m one or 
two special instances, for three reasons Firstly, the part played by the 
ionisation potential will probably appear very clearly with a gas of such high 
ionising energy, secondly, it will not be adsorbed appreciably at the surface of 
the conductor, and after neutralisation will escape again in the atomic con¬ 
dition , while thirdly, it can be continually and easily purified by passing over 
activated charcoal cooled in liquid air 

Two methods of examining the emitted electrons have been employed 
The most careful experiments have been carried out bj a retarding potential 
method, but these results have been confirmed by experiments using magnetic 
analysis of the velocity distribution 

Apparatus 

The production of a homogeneous beam of gas ions is by no means as simple 
as in the case of the alkali ions, for a thermionic source does not exist, but u 
method has been developed, based on the Langmuir “ probe ” theory, which 
yields a beam surprisingly “ monochromatic ” in character and of fair intensity 

It is known from the work of Langmuir and Mott Smith,! that a negatively 
charged electrode m a strongly ionised gas becomes surrounded by a sheath 
of positive ions, whose space charge neutralises the potential of the eleotrodo 
at points outside the sheath Every positive ion whioh crosses the outer 
boundary of this dark sheath must eventually reach the electrode, unless it 
makes a collision m its passage across the space, or the electrode is so small 

* ‘ Handbuoh d Physik,’ vol 24, p 171, et aeq 

t Penning,‘K Akad Wet Amsterdam, Proc,’ vol 31, p 14 (1927), ‘ Physioa, 
vol 8, p 13 (1928) 

J Langmuir and Mott-Smith, ‘ Gen. Klee Rev voL 27, p 440 (1924) 
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that the random ion velocities are able to cause it merely to perform an orbit 
about the probe If the ionised gas is the positive column of a glow discharge 
or a low voltage arc, the random velocities of the ions will be only of the order 
of a few volts, so that after traversing the sheath the gieater number will 
strike the electrode with the energy corresponding to its potential relative to 
the surrounding gas The 1 abnormally long free paths of ions m most gases 
support the probability that there is little loss of energy by the ions in traversing 
a sheath which is not too many gas kinetic free paths in thickness If the 
electrode is perforated m such a way that the field is not seriously distorted, 
that is, so that the diameter of the perforations is small compared with the 
sheath thickness, ions will trav< 1 through with a velocity determined only by 
the potential applied These facts have been utilised in the method employed 
for producing a beam of He + ions 

Helium gas was admitted to the bulb 0, fig 1, through a hue leak, passing 
on the way over a< tivated charcoal cooled m liquid air An arc of 50 400 

Gen rntor 



milliamperes at 100 volts was maintained in O between the tungsten filament 
and the neighbouring grid The gas was thus highly ionised, and when a 
negative potential was applied to the plate C, immersed m the gas, it attracted 
positive ions, building up round itself a protective space-charge sheath sharply 
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defined as a dark space about 1 cm thick Between the edge of the dark space 
and C the ions were accelerated by the full potential of C relative to the gas 
around it, that is, practically the potential of this electrode relative to the 
anode of the arc Some few of these ions entered the hole m the centre of the 
electrode Of those the larger portion collided with the walls of the canal, 
3 mm in diameter and 5 cm long, but a few travelled nght through. Between 
J) and E these ions wero subjected to a leversod field, due to the potential 
between the anode of the aic and C applied m the opposite direction, but 
diminished by a batter} of small storage cells M In this way a beam of ions 
was obtamed whose energy was mdependent of the high potential from the 
generator applied to (J m order to collect them from the glowing gas It was 
not possible to vary the “ pulling out ” potential m order to change the energy 
of the beam of ions A potential of at least 1600 volts was required on 0 
as at lower potentials the thickness of the positive ion space oharge sheath 
was so small that the hole in the cuitre of the electrode caused a serious 
disturbance of the field, and a resultant decrease m the intensity of the 
beam obtamed 

Earlier experiments had shown that the beam of ions issuing from E was 
accompanied by large numbers of excited m< testable atoms, which possessed 
high energies and were able to set free electrons from a metal surface which 
they struck * For tins reason the beam of ions was deflected away from the 
direct path followed by the neutral atoms, by an electric field across the plates 
G The beam could be located upon the willemite covered surface of the 
shutter F, winch served to close the slit S, and whic h was operated magnetically 
thiough an iron plunger The well-defined nature of the spot of fluorescence 
on the screen F, prodm ed by the impact of the beam, afforded a good criterion 
of its homogeneity 

(o) Retarchru/ PotnUial Apparatus For this method of analysis the beam 
was allowed to enter the bulb D, fig 2, and fall upon a target T, by lowexing 
the shutter F The taigct was m the form of a pill box, and contained a 
tungsten filament wlwfi tnabled it to be heated to a temperature of about 
1200° C The box was so consfrluted that no electrons from the filament 
were able to escape from it The target was carried on a long grouud glass 
joint, cooled by a stieam of water flowing through a coil of metal tubing 
cemented to the outer sleeve In this way the whole of the glass 
portions of the apparatus, nght up to W, could be baked out at 660° C The 
bulb was covered with a conducting film of platinum, deposited in a vacuum 
* Ohphant, ‘ Roy 8oo Proc A, vol 124, p 228 (1929) 
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by evaporation from a heated wire, contact being made by wnes sealed through 
the wall of the bulb A variable retarding or accelerating potential could be 



Fio 2 —Retarding Potential Effects 

applied between the target and bulb by means of a potcntiometu P The 
current to the target and the collecting sphere, i e , the total positive ion cuirent 
entering the system through tho slit 8, was measured by the galvanometer 
G x , and varied up to 45 microamperes The secondary < lectron, or reflect* d 
positive ion current from tho target, was measured by the more sensitive 
galvanometer G a , connected between the collecting sphere and the target 
(b) Magnetic Analysis - -For this method of observation the beam, after 
passing through the slit behind the shutter, was directed upon the tniget T, 
fig 3, which was inclined at an angle of 45° to the beam, and winch could lie 
heated to about 1200° C by radiation from a coiled tungsten filament inside 
the “ pill box ” attached to the opposite face Electrons set free from this 
target were bent into a semicircle by the field of a pair of Helmholtz coils 
the beam being defined by tho usual slit system The final slit was 0 25 mm 
wide and 4 mm long, and below it was fastened the Faraday cylinder Z, 
insulated with quartz, and surrounded by an insulated guard ring Q, the whole 
being enclosed m a shielding box U The complete system of target, slit 
system and shielding box was cut and folded from a single sheet of molybd* num, 
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to eliminate contaot potentials, and the Faraday box was rolled from the same 
piece All joints were lapped and spot welded The analysing apparatus was 



Ixo 3 —Apparatus for Analysis of Secondary Electrons by Magnetio Bending 

suspended within a glass bulb by two stout tungsten wires sealed into 
the walls 

The apparatus was evacuated through a largo liquid air trap of low resistance, 
by a four stage Gaede diffusion pump, which returned tlu helium gas to the 
reservoir The pressure on this side of the canal was maintained at less than 
4 v I0~ J mm with a pressure of 0 01mm m O, fig 1 An auxiliary purnpmg 
system allowed the whole apparatus, reservoir and Gacdo pump, to be evacuated 
and the glass parts baked out till the residual pressure was not greater than 
!()-« mm as measured by an ionisation gauge The system was separated 
from the exhausting pump and gas inlet by mercury cut-offs, barometrically 
operated The helium used was purified by fractionating 10 times from 
charcoal m liquid air, slight traces of hydrogen being removed by electrolysing 
a trac e of o\ygc n from the glass wall of a discharge tube into the glowing gas, 
after a method described by Taylor * 

The whole apparatus was of pyrex glass with tungsten seals, the metal 
parts molybdenum or nickel, with the exception of the canal and the ooating 
on the collecting sphere, which were of platinum The ground joints at W, 
fig 2, and those on the steel Gaede pump, were lubricated with a grease of 
very low vapour pressure f 

* ‘ Roy Soc Proc A, vol 123, p 262 (1929) 
t Burch, ‘ Roy Soc Proc ,’ A, vol 123, p 271 (1929) 
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The system of electrical connections used is shown m the figures, and does 
not call for comment 

Results 

(a) The Variation of the Total Electron Emission with the Energy of the 
Positive Ions - -The number of electrons set free by each positive ion which 
struck a molybdenum target is plotted in fig 4 foi a series of energies from 80 
to 1000 volts, for a cold and for a red hot surface Tn the case of the cold 



Fra 4 

target the points do not lie on a smooth curve, although they give a fanly 
accurate idea of its general shape The emission was reasonably (onstant at 
energies below about 200 volts, but beyond this point it increased approxi¬ 
mately linearly with the energy up to 1000 volts When the target had been 
heated for some time at a bright red heat, and was maintained red hot during 
the measurements, the curve obtained was very much smoother, and was 
reproducible The emission did not now begin to increase till a potential of 
about 600 volts was reached, when it increased gradually, assuming an approxi¬ 
mately linear form beyond 800 volts, but curving over again beyond 1000 
volts The emissions were also smaller than with a cold target 
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If the electron emission from a hot target is plotted against the velocity 
rather than the energy of the helium ions, the curve obtained is even more 
striking, fig 5 The rate of increase of emission at a velocity of about 2 X 10 7 
cms per second is extraordinarily sharp 



Fig 6 

(6) The Effect of Variation of the Angle of Incidence of the Bombarding Ions — 
The measurements which we have described were carried out with normal 
incidence of the ions upon the target The apparatus is so constructed that the 
angle of incidence could be varied by rotating the ground joint which earned 
the target 

The secondary emission was found to increase with the angle of incidence 
of the ions * The results of a senes of measurements with a nickel target are 
graphically depicted m fig 6 A very good straight line is obtained from all 
the measurements so far made, if the total emission is plotted against the 
cosine of the angle of incidence, for a hot or for a gas-oovered surface The 
emission is therefore proportional to (1 — cos 0) This law was found to 
hold for a molybdenum surface polished to a good mirror, or for a nickel surface 
polished very roughly with fine emery paper It was not possible to carry 
the measurements to very glancing angles, owing to the finite width of the beam 
of ions, which caused some of them to miss the target at angles of mcidence 
greater than about 60° 

* This increase of electron emission with angle of incidence has been observed by Saxen, 
* Ann Physik,’ vol 88, p 319 (1912), in the caee of relatively fast canal rays 
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(c) The VdocUy Distribution of the Secondary Electrons —The energy dis¬ 
tribution of the secondary electrons was determined both by the retarding 



potential method and by the magnetic deflection method of anal} sis V large 
number of curves have been obtained under very varying conditions of the 
taiget surface, and foi a large range of energy of the incident ions The 
magnetic method fails for velocities below about 2 8 volts, probably on account 
of uncompensated magnetic fields, or to contact potential differences due to 
different gas-conditions of the target and slits Contact potentials between 
the target and the collecting sphere in the retarding potential apparatus were 
eliminated by heating the target to about 1200° C , at which temperature the 
thermionic electron emission from the large area could be detected on a sensitive 
galvanometer, and determining the potential difference which would just 
prevent emission The correction for contact potential was usually of the 
order of 0 4 volt, the collecting sphere being negative with respect to the 
target The same correction was determined experimentally for a cold target 
by illuminating strongly with light from an arc and using the photoelectric 
characteristic, or by observation of the known velocity distribution of the 
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electrons liberated by the impact of metastable atoms of helium formed in the 
canal of the discharge tube * The magnetic apparatus was calibrated abso¬ 
lutely by calculation from the dimensions of the box and the Helmholtz coils, 
a check bemg obtained by determining the current required to neutralise 
the earth’s known horizontal component The earth’s field was neutralised 
by suitable pairs of coils, the residual field over the liox being less than 
per cent of the normal intensity 

With a fold target, or one which had not been strongly heated for some 
time, the velocity distribution curve was very like that found for the electrons 
liberated by metastable atoms of helium f Typical (urves for a molybdenum 
target are given in fig 7 The form of the energy distribution appeared to 



Fia 7 —Retarding Potential Curve for the Electrons set free from a gas covered surface 
of Mo by He f ions of 400 volts energy The dotted ourve is the velocity distribution 
derived from it 


be practically independent of the velocity of the impacting ions in the range 
from 120 to 1000 volts 

After long oontmued heat treatment of the target, and purification of the 
hehum, the velocity distribution curve changed its character The total 
number of electrons ejected was smaller than for a gas-covered surface, but 
the relative number possessing the higher energies increased considerably 
(fig 8) The curve was no longer smooth, but exhibited a number of maxima, 
* Loc cd , p >3, footnote 
f Loc cU. 
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the most prominent, and most consistent m occurrence, being at 2 5, 6 8, 
17 0 and 20 volts There was a very sharp cut-off at approximately 20 2 



I 1 xo 8 —Velocity Distribution Curve for this Electrons liberated from gas free Mo b> He + 
ions of 4tK> volts energy (a) Retarding Potential Method (6) Magnetic Analysis. 

volts, while the retarding potential curve revealed a low velocity cut-off, 
almost as pronounced, at 2 3 volts The position of these maxima, as well 
as of the upper and lower limits, did not differ by more than a fraction of a 
volt for the three materials for which they have been obtained, Ni, Mo and 
W There is some evidence of their presence with a platinum target, but 
Al, Cu and Ag gave a smooth curve of the type obtained with gas-covered 
Ni or Mo These materials are very difficult to outgas thoroughly without 
molting them Molybdenum, however, gave by far the most consistent results 
of any material tested, and the results obtained for this metal are given in 
the graphs in this paper 

It was not possible to retain liquid air on the trap between the diffusion 
pump and the apparatus overnight, so that when starting a run m the mornings 
a certain amount of mercury vapour was always found to have diffused over 
into the discharge chamber 0, fig 1. This was soon swept away if the apparatus 
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was heated to about 200° C and the helium allowed to circulate for 15 minutes 
or so, and its removal could be followed by observation of the spectrum from 
the arc If an experiment was carried out with the composite beam of 
He + -f Hg + + the velocity distribution of the secondary electrons was found 
to be very much changed The number of electrons possessing energies in the 
neighbourhood of zero increased enormously relative to the higher velocities, 
while the total emission produced was much smaller than for pure helium ions 
A distinct c hange of slope in the velocity distribution curve was found at very 
nearly 6 volts, if the target were well degassed (fig 9) A trace of impurity 



P ui 9 —Energy Distribution for the Electrons set free from hot Mo by He + Hg + + 
Hg + + -f (a) Retarding Potential Method (b) Magnetic Analysis 

which could only just be detected spectroscopically, completely destroyed the 
clear-cut character of the distribution curve produced by IIe + ions Indeed, 
it was only after purification had been carried out for several hours after the 
spectroscopic disappearance of impurities that the curve assumed its final 
form as shown in fig 8 

The intensity of the 20-volt maximum increased with the velocity of the 
ions With an acoelerating potential of 200 volts it was just noticeable, while 
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at 400 volta it was very pronounced and exceedingly sharp, fig 10 At 
potentials greater than about 700 volts the maximum began to spread, mainly 



Fio 10 —Energy Distribution of the Electrons liberated from degassed Mo by He + ions 
of various energies (Retarding Potential Method) 

towards the low velocity side, till at 1200 volts the curve hail assumed the 
shape plotted in the graph The lower energy portion of the distribution curve 
did not undergo any radical change with the energy of the bombarding ions 
below 1500 volts, but above this it began to spread, becoming very diffuse at 
5000 volts 

Experiments with Alkali Ions 

It is shown m the second portion of this paper that the emission of secondary 
electrons is profoundly influenced by the relative values of the ionisation 
potential of the atom from which the bombarding ion originated, and the work 
function of the struck surface The cases which we have so far considered were 
such that the ionising energy was far greater than the work function of the 
surfaces, and it is desirable to have results obtained when this position is 
reversed For this reason some experimental curves are given which show 
the velocity distribution among the electrons ejected from various surfaces 

2 o 2 
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by singly charged potassium ions from a thermionic source The apparatus 
used has already been described,* and the retarding potential curves given m 
fig 2 were obtained at the same time as the experimental results given m that 
paper 

It is apparent that even at 600 volts energy K + ions are able to set free con¬ 
siderable numbers of electrons with energies greater than 5 volts, from platinum 



Fid 11 —Retarding Potential Curve* for the Electrons set free from various metals 
by K * ions of 600 volts energy 

or nickel surfaces There appears to be a greater relative number of low- 
velocity electrons from an aluminium surface than from nickel or platinums 
whose work functions are considerably higher An untreated surface of any 
metal, freshly introduced into the apparatus, always gives a much greater 
(‘mission than a cleaner one, but the relative number of the high velocity 
electrons is small Surface factors which increase the magnitude of the 
emission always tend to decrease the relative number of the electrons with 
higher energies This is also true of the electron emission produced by He + 
The maximum of the velocity distribution curve, for the electrons liberated 
by the impact of low velocity alkali ions, always occurs m the neighbourhood 
of zero energy There is a greater probabihty that an electron will possess 
just sufficient energy to escape from the surface than that it should escape with 
• Obphsnt, * Proo Camb Phil Soc ,’ vol 24, p 461 (1928) 
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any considerable velocity (The fact that a collecting potential of a volt 
or so is required in order to collect the total emission on the bulb is 
probably due to the contact differences of potential which exist between the 
bulb and the target, and to the uncompensated magnetic field of the earth) 
The general form of the energy distribution did not change much with the 
energy of the ions, a slow increase in the relative number of higher velocity 
electrons taking place as the energy increased, but the curves remained 
exponential to the volt axis 

Conclusion 

A theoretical discussion of the process of neutralisation of positive ions at 
metal surfaces is given in the second part of this paper, and the experimental 
results here presented satisfactorily explained, at least qualitatively Further 
experiments are needed before a satisfactory attempt can be made to apply 
these results to the problems of the cathode region of the electncal discharge 
through gaBes, and some of these are at present being earned out with the 
collaboration of Mr P B Moon. 

I wish to express my thanks to Prof Sir Ernest Rutherford for his 
encouragement and help 
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The Liberation of Electrons from Metal Surfaces by Positive Ions 
Part II — Theoretical. 

By M L E Oliphant, Trinity College, and P B Moon, Sidney Sussex 
College, Cambridge 

(Communicated by Sir Ernest Rutherford, P R 8 —Received February 27, 1930 ) 
Introduction 

In this paper we propose to consider the process of electron capture by 
positive ions at a metal surface, and the emission of electrons which occurs as 
a secondary phenomenon The discussion which we venture to give is 
admittedly crude, and it is to be hoped that an adequate theoretical treatment 
of the problem will not be long delayed 
As a preliminary we shall discuss some aspects of present knowledge regard¬ 
ing electrical conditions near metal surfaces Recent experiments of Compton 
and van Voorhis* suggest that positive ions capture an electron from a metal 
before making thermal contact with the surface, so we require to know the 
nature of the electric field at some distance from the mechanical boundary 
We shall proceed to some calculations on the probability of neutralisation, 
basing our work on the supposition that neutralisation is due to auto-electromo 
emission under the influence of the electrostatic held of the approaching 
positive ion f We shall then discuss the phenomenon from the viewpoint of 
the transition of an electron through a potential barrier between two states 
of equal energy, and attempt to apply the results obtained to an explanation 
of the mechanism of secondary electron emission 

1 - -Electrical Conditions near a Metallic Surface 
(1) According to the theory of metalho conduction developed by Sommer- 
feld,J the free electrons have at ordinary temperatures an energy distribution 
not appreciably different from that at absolute zero, which is given by 

n (e) dz = zUz, ( 1) 

* Compton and van Voorhis, ‘ Proc Nat Acad 8ci,’ vol 13, p 336 (1927), van 
Voorhis, ‘ Phys Rev ,’ vol 30, p 318 (1927) 
t The suggestion that electron emission is due to electroetatio attraction was made by 
Holst and Oosterhuis, ‘ Physic a,’ vol 1, p 82 (1921), and by Dauvillier, ‘ J Physique, 
vol 7, p 369(1926) 

t Sommerfeld. ‘ Z Physik,’ vol 47. p 1 (1928) 
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up to a maximum value, p, of t such that 


Here u (e) dz is the number of electrons per cubic centimetre having kmetio 
energies between e and c -f de, n 0 the total number of free electrons per cubic 
centum t re, m the mass of an electron, and h Planck's constant 

In order that the electrons shall not escape from the metal their potential 
energy m the intenor, relative to that in free spaoe, must be negative and 
numerically not less than p The statistical theory is not concerned with the 
mechanism responsible for this potential barrier, nor does it either predict or 
deny that the height of the barrier should exceed p by a finite amount—the 

work function,” here denoted by <f> and, unless otherwise stated, measured 
in ergs From the point of view of the Sommerfeld theory, the existence 
of a work-function is a purely expenmental fact, due to the particular mechanism 
responsible for the potential barrier Frenkel,* however, has obtained, on the 
basis of the vinal equation, the relation tf> — £ p Expenmental values of 
p + <t> most definite in the case of nickel, for which the total potential 
difference is about 18 volts, corresponding on Frenkel’B theory to <f> — 6 volts 
Actually <f> — 4 3 volts 

(2) The “ Image-force ” Hypothesis - In calculations on the passage of 
electrons through the barner it is usual to assume either that the potential 
jump is perfectly sudden or, as a second approximation, that it is entirelj due 
to the “ unage-attraction ” on the escaping electron, this attraction bt mg 
assumed to cease suddenly at a distance x 0 from the surface such that 


( — dr = total potential difference = 
Joo 4ar 


[i + <f> 


It is almost certain that the image-force hypothesis is physically correct at 
comparatively large distances {eg, greater than 2 X 10 -7 ems) from the 
surface, it is in excellent agreement with the observed lack of saturation of 
thermionic emission as the accelerating field increases f However, in order 
to account for a potential jump of the order of 20 volts, x 0 must be about 
2 X 10 -# ems , and it is clear that at such distances the structure of the surfaoe 
(lattice spacing about 2 x 10 -8 ems) will be of fundamental importance, and 
that the image force hvpothesis would appear to become invalid It should 


* Frenkel, ‘ Z Physik,’ vol 49, p 39 (1928) 

t Eg, Pforte, ‘ Z Pbymk,’ vol 49, p 333 (1928), de Bruyne, ' Roy Soo Proo ,’ A, vol. 
120, p 423 (1928) 
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be mentioned, however, that experiments on electron diffraction show that 
electrons much faster than those here considered react not with one but with 
many points of the crystal lattice We are here considering electrons whose 
de Broglie wave-lengths are larger than the lattice spacing, and they should 
react with even more atoms, while diffraction effects will not be of great 
importance It is thus possible that the structure of the surface is not so 
important as might at first, sight appear For simplicity it will lie necessary 
to ignore the structure in most of the following discussion 

The validity of the image-force hypothesis must also be very seriously 
limited by the high velocity of the escaping electron for the response of the 
other electrons to the repulsion of the electron considered cannot be instan¬ 
taneous Kromg* calculates the tune of relaxation of the metallic electrons 
to be of the order of 10 -14 seconds, during which time a 1-volt electron will 
travel about 0 * 10 -r cms It will thus be seen that the attractive force on 
the electron will lag behind the equilibrium value postulated by the simple 
theory, and that this lag will be serious at distances from tbt surface of 10 -7 
cms and below -t e , just, the distances at which the image attraction would 
begin to have an appreciable value 

Again, the image-force is an attraction towards the surface for both electrons 
and positive ions , it cannot be the only force acting for a positive ion (eg, 
of oeesium) can remain in equilibrium outside the metal surface while an electron 
will be absorbed into the metal At small distances from the surface, therefore, 
an electron will bo attracted by the metal while a positive ion is repelled t 
A probable explanation of this is discussed below 

(3) Electron Densities near Metal Surfaces It is important to reabse that a 
large part of the potential barrier which binds the electrons to the metal may 
be regarded as a space charge effect J For if no barrier existed, electrons from 
the metal would begin to escape into the surrounding space with kinetic 
energies between 0 and p, and so would establish outside the surface a negative 
space charge which would greatly hmit the rate of escape That is to say, a 
potential barrier would automatically build up whoBe height would approach 
p Once this barrier were formed, the rate of escape of electrons would remain 
small and such as to maintain the barrier This, of course, is the classical 
space-charge argument it may not apply strictly to the present oase, for 

* Krorug, ‘ Hoy Soo Proc A, vol 124, p 409 (1929) 

t This fact can be utilised to explain very satisfactorily the form of the scattering of 
positive ions from metal surfaces. 

J * rcnkel, * Z Physlk,’ vol 51, p 232 (1928) 
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the scale of the phenomenon is less than the wave-length of the electron waves 
oont emed 

It should be emphasised that it is not legitimate to superimpose, at any ont, 
point of space the image force upon the forces due to space charge, for the 
two hypotheses are alternative approximations to a full consideration of the 
mutual interaction of the electrons concerned We are interested m the 
electrical forces acting on one particular electron (or positive ion, as the case 
may be) which is under the influence of the other charges (mobile electrons and 
fixed positive lattice) which constitute the metal Let us call this electron 
B In order to solv < the problem exactly we should require the initial positions 
and velocities of all particles concerned we should then write down the 
equation of motion of each particle, including B* , each equation would 
involve the instantaneous position of every other particle Solving these 
simultaneous equations, and using the known initial conditions, we could in 
theory obtain the position of each particle including B and the forces acting 
on it, at any time in the history of the system Tlus is a hopeless task but m 
two particular cases wc can obtain reasonable approximations to the forces 
acting on B 

(а) If the particles are very close together, we may treat the system as a 
continuous massive electric fluid —i e , we may apply the space-charge 
treatment- and obtain the potential at any point Note that in doing 
so we have allowed for the effect of B on the rest of the system, for B 
is now represented by a portion of the fluid 

(б) If B is in an isolated position at Borne distance from the mam system 
of particles, we may proceed as follows We divide the interactions 
of the particles into three parts - 

(l) The mutual interaction of all particles except B 
(u) The polarising effect of B on the rest of the system 
(in) The effect of the remainder of the system on B 

We observe that if B were absent there would be no held at the point in 
question, since the point is outside the cloud of particles and the metal has no 
net charge We conclude that the only field acting on B is due to that portion 
of (in) which is a consequence of (u), and as an approximate method of oaloula 
tion we apply the macroscopic law that the metal surface remains equipotential, 
finally arriving at the “ image force ” law 

* For simplicity we here consider classical particle mechanics 
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We may thus regard part of the potential barrier near to the surface, and 
having a height approaching p, as due to space charge , the portion whioh 
occurs furthest from the surface is to be regarded os due to imago foroe, and 
the intermediate portion is not calculable, but may be denved by extrapolation 
of data from both main regions Roughly speaking, that portion up to a 
height |z may be taken as space-charge effect, and the remaining <f> as due to 
image force 

Numerical calculations based on the space-charge theory are open to grave 
suspicion, for the neglect of the structure of the surface and of the discrete 
nature of the electron is, despite the considerations put forward above on 
p 390, a very serious defect We have, however, little doubt as to the 
fundamental soundness of the idea , it is in good qualitative agreement with 
the present belief that positive ions, but not electrons, can remain m 
equilibrium outside a metal surface, for the space-charge force is an attraction 
for electrons and a repulsion for positive ions, while the image foroe is an 
attraction for both (see fig 1) 

Calculation shows that the space-charge field vanes very rapidly with 




Fig 1 —Potential energies of (a) positive ion, (6) electron, near a metal surface The 
region in whioh space charge predominates is indicated by 1, the image force region 
by 2 The distances marked suggest orders of magnitude only 

distance from the surface, nearly the whole space-charge effect taking plaoe 
within 10"* cm of the surface * That is to say, the first part of the potential 


* Frenkel, loc at 
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bamer rises more sharply than if the whole barrier obeyed the image-force 
law This is of importance for our subsequent calculations 


2 —Neutralisation of Positive Ions through Autoelectronic Emission 


The electric held at a metal surface due to a positive ion at a distance of 
10“ 7 cms from the surface reaches the large value of 3 X 10 7 volts per centi¬ 
metre , it is clear that the autoelectronic emission under the influence of this 
hold will bo large and may bo sufficient to provide a mechanism for neutralisa¬ 
tion of the ion We give an outline of calculations which lead to the con¬ 
clusion that one electron will, on the average, be extracted by the held before 
the ion has approached nearer the surface than two atom diameters, so that 
the ion has a large probability of becoming neutralised before aotually reaching 
the surface Two formulae for calculating autoelectronic omission are available 
That of Fowler and Nordl^im* is based on the assumption of a perfectly 
sharp potential barrier which becomes narrowed, but not decreased m height, 
by the external field They obtain for the current density due to a held F 
the value 


t* (i*F 2 

Inh (<f> +(x) 


(3) 


where 


k 2 = 8 Tpmjh* 


Nordhetmf finds that if the potential barrier has the form calculated on the 
pure image-force hypothesis, so that the barrier is lowered as well as narrowed 
by the field, then the exponent in (3) becomes 


-i*± 

1 Fe 


V, 


where V is a function of ey/Fj<f>, lying between 0 and 1, which is tabulated m 
his paper V -* 1 as F -* 0, so that for weak fields the two expressions are m 
agreement When ey/F/<f> = 1, i e , when the external field has lowered the 
height of the potential hump from (i + <£ top., V = 0, we shall assume that 
for greater fields the exponent remains zero, and shall thus underestimate the 
< urrent A conservative estimate is desirable and the underestimation will 
not be serious, for the following reasons — 

(1) There will be no discontinuity of the emission at this critical point J 

* Fowler and Nordheim, ‘ Roy Soo Proo A, vol 119, p 173 (1928) 
t Nordheim, ‘ Roy Soo Proo A, vol 121, p 026 (1928) 
t Fowler, ‘ Roy Soo Proo ,’ A, vol 122, p 36 (1928) 



894 


M L E Oliphant and P B Moon 


(2) The space-charge theory indicates that the inner part of the potential 
barrier—from 0 to p—nses very suddenly, so that increase of the 
field beyond the critical point will not greatly decrease the height of 
the potential barrier 

(3) Nordheim’s formula will tend to overestimate the emission for strong 

fields owing to his assumption that the potential barner does not com¬ 
mence until the electron has travelled a small distance (about 2 X 10“® 
cm ) from the surface 

(4) We shall not need to consider fields greatly in excess of the critical 
value 


The discussion of §1 indicates that the Nordheim formula is more likely 
to be correct than that of Fowler and Nordheim, but we first sketch the calcu¬ 
lations based on the latter formula, which is more easily handled We find 
that m ordinary cases neutralisation will not take place until the ion is so 
close that the two formulae differ greatly, 
though m exceptional cases the Bimpler 
calculation will be of importance The 
calculations are extended to closer distances 
of approach on the basis of the Nordheim 
formula 

(a) Calculations on Fowler - Nordheim, 
Theory —The held at a point Q on a metal 
surface, due to a positive ion at P (fig 2) is 
F = 2e cos* 0/P, (4) 

where l is the distance of the ion from the 
surface and 0 is the angle between PQ and 
the normal through P The area of an annular element of the surface defined 
by 0, 0 + d0 is 

dS = 2 tt l z tan 0 sec* 0 d0 (6) 

From (1) it follows that the total cleotron current from the surface is 





. F*. e 




J2nh (<£+p)^*‘ 
the integral being taken over the surface of the metal 

Substituting the values of F and dS from (4) and (5), putting 
sec 3 6 » x, 4e*p*/3A ( <f, + p) = C, = a 

we get 

I = 
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The total charge extracted by the ion as it moves with velocity v normal to 
the surface from infinity to a distanoe f 0 will be 

Jl* = ("I— = \° dx 

and the number of electrons emitted will be 

N = 2 £ p r 2 r~’ e- aVx dl dx (7) 

Exact integration in finite terms is impossible , in order to perform the 
x integration we integrate by parts repeatedly and obtain an asymptotic si nes, 
rt taming the first term only we get an upper limit The approximation is 
good if al 3 J"* it will fail completely when al 2 < y Numerical values 
show that the failure occurs at l = 6 X 10“ 8 cm for the case of a sodium surface 
and at 3 X 10“* cm for nickel or tungsten 

To this approximation we get 

N --= - f -I < - a,, dl 
v I, al 2 

or, putting l 3 — y, 

\] r dy (8) 

We obtain an uppei limit to this integial by the same method as before, the 
limits of applicability bung almost identical 

The final result is 

N=CV J *' a ' ,J /h« J (9) 

If i p and (x are expressed in volts, then 

0 = 6 62 + V-) ft »nd a - 2 53 10 14 «£ 

Take now a favourable case, that of a 10-volt potassium ion (v - 6 5 < 10 s 
ems per second) approaching a surface whose work function is 2 5 volts If 
wo put (x = 5 volts (the final expression is very insensitive to variations in fx), 
and take the smallest allowable value of l 0 , viz , 6 X 10“ 8 ems , we get 
N = 0 35, which shows that even in this case the theory breaks down before 
neutralisation becomes highly probable When v is smaller, i e , for very heavy 
ions of low energy, and m particular for oblique incidence, equation (9) will, of 
course, become applicable 

(b) Calculation on Nordheim Image force Formula —As indicated earlier 
the calculation falls into two parts, according to whether the field of the ion 
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is or is not sufficient to reduce the work function below zero over any part 
of the surface If the normal work function is 4 5 volts (Ni, Mo, W) the critical 
distance of the ion from the surface is 4 X 10~ 8 cms , while for a work function 
of 2 volts the critical distanoe is 10" 7 cms By approximate integration, 
taking care to overestimate the emission, we can show that, except in the 
case of very slow ions, it is unlikely that an electron will be extracted before 
the critical distance has been reached We therefore need to consider the 
case where the exponent m the emission formula vanishes over part of the 
surface It is easy in this case to obtain upper and lower limits to the emission 
which are sufficient for our purpose For we can (a) overestimate the emission 
by assuming the exponent to be zero over the whole surface, and (6) under¬ 
estimate the emission by neglecting that part of the surface over which the 
exponent is not zero 

Consider as before a positive ion at a distance l from a metal surfaoe (hg 2) 
The exponent m the emission formula will be zero for all parts of the surface 
for which e-y/F /<f> > 1 Since the held F is 2e cos 8 0/1* it follows that the 
exponent is zero for values of sec 0 less than */2 (e 2 l<f>l)* We now calculate 
the total autoelectromc current, assuming the current density to be 


Ji_i±!_, 

2nh (<f> -(- p) ft 


F 2 


( 10 ) 


To obtain the upper limit we integrate over the whole surface , for the lower 
limit we integrate over that part of the surface for which 0 is less than 
sec -1 2/ 2 (e 2 /#)* 


We have as in (6) F = 2e/J a sec 3 0 , area of elementary ring 
= 27 zl* sec 8 0 tan 0 d0 


Hence 

current I 


f e 3 p* 4e* 

J27 xh {<f> + p) l 4 sec® 0 

4e* p*_ f tan 

b p) <f>* J Bee 4 


2jrf* sec 3 0 tan 0 


dQ, 


l*h (<f> + [i 


(id 


IVi (<f> + (j 

The limits of integration are in the case of our upper limit, 1 and » , for our 
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lower limit they become 1 and ?/2 (e a /$)* To obtain the number of electrons 
emitted per second we divide by e and thus get 


Number of electrons 1 _ e 4 [a* 

emitted per second / Ph (<f> -f- p.) <f>* 


(upper limit) 


Ph (<£ + n)</>*l 


I ( lowerhmlt )J 


( 12 ) 


Numencal values calculated from equations (12) are shown graphically in 
fig 3, the upper and lower limits to the emission at various distances being 



Fig 3 —Rate of Extraction of Electrons from Surfaces of Work functions 2 volts (right) 
and 4 5 volts (left) by a positive ion at various distances of approach 

given for <j> = 4 5 volts and for <f> = 2 volts The ordinates give the number 
of electrons extracted in a second by an ion at distances from the surface given 
by the absciss© For a given velocity of approach of the ion it is easy to find 
at what distance neutralisation becomes probable If, for example, the velocity 
is 10* cm per second (t e, a 2 3-volt Ho + ion or a 23-volt K + ion) then the 
number of squares below the appropriate graph gives the number of electrons 
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emitted For <j> = 4 B volte we see from the lower limit graph that the emis¬ 
sion will amount to one electron by the time the ion has approached to a 
distance of 3 6 X 10~ 8 cm Since this is a lower limi t we conclude that 
neutralisation is quite likely at an even greater distance from the surface, but 
the numerical integration referred to above shows that it will probably 
not occur at a greater distance than 4 0 x 10 -8 cms The calculations 
therefore give a quite well-defined position at which neutralisation becomes 
probable It must, of course, be remembered that the emission of electrons 
will be to some extent a random process, so we must not conclude that every 
ion will become neutralised at or near this position, or even before reaching 
the surface The only conclusion which we draw is that on this view of the 
mechanism of neutralisation it is probable that most slow ions will be neutralist d 
before reaching the surface 

3 - Thi Neutralisation of a Positive Ion at a Metal Surface, considered as a 
Transition of an Electron between States of Equal Energy 

The autoelectromc mechanism considered above provides an approximate 
method of calculating the probability that an electron shall pass from a metal 
surface to an ion in its neighbourhood, but ignores the difference m potential 
energy (ionisation potential) of different kinds of ion A treatment which is 
physically more correct, though less suited to approximate calculation, is to 
regard the process as the transition through the potential barrier of an electron 
of given energy, from the metal to a state of equal energy associated with the 
ion 

Consider the way in which the energy of an electron varies between a metal 
surface and an ion near the surface , that is, let us map out the field by a curve 
which represents at every point the energy required to remove an electron to 
infinity As before, we idealise the metal surface to a true plane Then for a 
positive ion at a considerable distance from the surface the possible energies 
of an electron he on a Coulomb curve, with an abrupt ending at the ground 
level energy of the neutral atom (fig 4a) Between any possible position of 
an electron associated with the ion, and the similar state in the metal, there 
exists a potential barrier Unless the ion approaches very closely to the 
surface the height of the barrier will be greater than g,, the maximum kinetic 
energy of the electrons in the metal, so that classically no electron could leave 
the metal and reach the ion According to wave-mechanical conceptions, 
however, there is a finite probability that an electron with a given energy in 
the metal will make a transition through the potential barrier to a state of 
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equal energy X, associated with the ion The chance that an electron in anv 
small energy range will make the transition will depend upon several factors 

(1) The relative abundance of electrons of that particular energy in the 

metal, 

(2) The width (and height) of the potential barrier , 

(l) The existence of a more or less stable state of equal energy m the ion 

The first two factors appear quite 1 naturally, but the significance of (3) is a 
little less clear It is quite possible that transitions do take place for electrons 
whose energy does not correspond with that of a stationary state in the ion 
but in this case the electron wave-packet will not fit exactly between X and X', 
and consequently it is reflected back to the metal at once, from the outer 
barrier at X' On the other hand, if X is a characteristic energy level of the 
atom, the electron will almost certainly be captured and remain with the ion 
A transition back to the metal after a finite time will probably be ruled out 
by the re establishment of the degenerate Fermi distribution of energies, 
which would allow no vacant “ phase-cell ” within that range in the metal 
Since the energy levels have a finite “ width ” the probability of capture will 
fall off very rapidly but not infinitely rapidly, for energies on either side of the 
characteristic value, while the perturbation of the ion,-field by the surface will 
possibly serve to make the levels neither so sharp nor of exactly the same 
energy as those associated with the free atom 

(a) The probability that the potential barrier is penetrated depends only 
on the kinetic energy of an electron, while the energy level m the ion to which 
it will go depends upon the total energy, t e , upon the sum of the negative 
von oxxvn —a 2 D 
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potential energy and the positive kinetic energy The high energy levels 
associated with the ion are those which extend farthest from it, so that 
effectively the “ width ” of the barrier is smallest for the electrons in the 
metal which have greatest kinetic energy These electrons are just those 
which are most abundant, so that every condition tends to increase the prob¬ 
ability that it is one of these electrons which makes the transition across th< 
barrier from the metal to the ion We should expect, then, that the ion would 
capture an electron into the nearest stationary energy level corresponding to 
an energy of V 4 — <f> 

This conclusion receives considerable support from some experiments 
described by one of us * Helium ions which collide with an outgassed surface 
of platinum or nickel at a glancing angle escape largely as neutral atoms m tin 
metastable state The ionisation potential of helium is 21 6 volts, and <f> for 
outgassed platinum m contact with a raro gas is 4 77 volts f The helium ions 
would capture electrons most easily into the 24 6 — 4 77 — 19 83 volt level, 
and the nearest lowor stable state is at 19 77 volts, the metastablo 2 3 S lev el 
for helium The difference of 0 06 volt may be no greater than thi “ width ” 
of the perturbed energy level 

Exact calculation of this type of transition involves considerable mathe 
matical difficulty, and we have been unable to obtain a solution to the problem 
In the strong field calculations wo ignored completely the ionisation energy of 
the ion, which means that the probability of neutralisation which we obtain 
is independent of the kind of ion involved However, the theories are agreed 
in asserting that there exists a probability that a positive ion whose ionisation 
energy is greater than the work function of a metal surface can capture an 
electron wlule at some distance from the conductor, to givo an excited atom 
(6) If the ion is moving very quickly it may penetrate very closely to the 
surface before being neutralised For very close distances of approach the 
electron energy diagram becomes of the form shown in hg 4b 
We have given reasons for assuming that the field of the ion will not lower 
the potential barrier at the surface of the metal much below a height p, but 
an increased field, owing to close approach of the ion, will render it very narrow 
Electrons m the metal with energy (i can now reach the ion without penetrating 
any barrier Effectively, then, the ion is inside the region of action of the 
work function <f> If the ion penetrates completely through the potential 
barrier and into the lattice itself before neutralisation takes place, the 

* Oliphant, ‘ Roy Soc Proc A, voL 124, p 228 (1929) 
t Compton and Van Voorhji, Ice cut 
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conditions of capture become analogous to those for electron capture by ions m 
free space That is to sav, an electron of zero energy will probably be captured 



at hrst into an extreme outei level of tin atom, corresponding to the lonmtion 
potential V 4 * In l»oth these cases there now exists, however, a much greater 
probability of capture of a lowei energy electron into an energy state m the 
atom less than V 4 — <f>, owing to the extreme narrowness or to complete 
penetration of the potential barrier 

(o) If the ionisation potential of the ion atom is less than the work function 
of the surface, there are no eh t trons m the metal of kinetic energy great enough 
to occupy any of the available i nergy levels of the ion Also, if the ton should 
capture an electron, the transition back to the metal would be* very probable 
for there are vacant phase cells of energy greater than p This is in accord 
with an observation of ours, that positive ions of the alkali metals, when fired 
upon hot, gas-free surfaces of high work function, largely escape again as 
positive ions (It is well known, of course, that a hot metal surface will ionise 
the alkali metals by lemovmg electrons from atoms which collide with it ) 

4 Thi Emission of Secondary Electron* 

(a) Emission due to the Potential Energy of the Ions —In the preceding 
paragraphs we have shown that there is a finite probability that a positive ion 
approaching a metal surface will capture an electron from the metal before 
making contact, and givo an exoited atom This excited atom, of potential 
energy V, — </>, will collide with the smfacc after a very short interval of 
* Of Seehger, Pby» Z ,’ vol JO, p 320 (1029) 


2 d 2 
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time (after 10 -12 seconds if it were neutralised at lO -7 uiib from the surface, 
and possessed a velocity of only 10® cms per second, of the order of thermal 
velocities) It is improbable, therefore, that the excited atom will lose its poten 
tial energy by radiating However, after reaching the metal, or the electron 
atmosphere just outsido it, it will be very likely to hand over its energy to an 
electron in a collision of the second kind If the oleotron then possesses a total 
energy greater than the height of the potential barrier, it will be able to escapi 
from the metal, the energy with which it is ejected being given by 

V« = (V 4 — <£ + e) — (g + <f>), 

11 , will he within tin limits dchned by e, u, 


and 


V,(,uin > — Vi — (i — 2^j 

, = V, - 2<£ I 


( 11 ) 


Thus, in tin absence of stiagghng, we would expect a sharp i ut off at both thi 
low velocity and high velocity limits of the energj of emission Of course 
the low velocity limit would only be observed when V< > g -|- ‘2<^ it, m 
practice, > about 20 volts The probability of the collision of the second 
kind will fall off rapidly as the energy which has to be dissipated as kinetic 
energy of the electron increases, so that a distinct maximum in the number 
emitted would be expected in the neighbourhood of the minimum cnerg) 
This is off-set b> the preponderance of electrons with negative potential energy 
in the neighbourhood of <f> in the metal and particularly in the electron space- 
charge just outside the surface, so that a considerable number may still be 
observed in the neighbourhood of the maximum tnergj 

Wc have seen that tlu ion may penetrate through the potential harm r 
before it captuics an electron, and in that case would form a transient excited 
atom of energy V ( Tlus excited atom would at once n act with a second 
electron, giving a normal atom and an electron with considerable energy 
In the absence of stiagghng tlu limits of the energy with which the electron 
could escape from the metal would be given by 


V«(,uln) = V, — g — 

v« (ma = J 


(14) 


In a system as closely packed with free and bound electrons as the interior 
of a metal, we might expect that the probability of a three body collision, in 
which two electrons react simultaneously with the ion, would be large For 
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instance, reaction with two electrons of energy p. ui the metal might lead to an 
ejected electron of energy V 4 -|- p — <f>, considerably greatei than the maximum 
given by equation (14) 

Companion with Exptnment These predictions may be compared with the 
lesults, given m the preceding paper, for the energy distribution among the 
electrons liberated from clean molybdenum surfaces by He + ions of low 
velocity Here V< = 24 f> volts, p. — 13 5 volts,* <f> — 4 i volts Thus for 
ions whuli capture elections before reaching the surface the energy limits are 
V, (ni | M > — 2 r t volts, V P( „ 1M ) = 16 0 volts (equation (1 1)) Tin experimental 
curves show a v» ry sharp cut-off at 2 3 volts (hg 8, Part l), and in accordance 
with theoiy, a maximum number of electrons emitted with about 2 r » volts 
energy A rather flat peak also occurs in the velocity distribution curves at 
between 13 and 17 volts, coiiesponding with the predicted maximum energy 
In some pievious experiments, one of usf has shown that excited metastable 
helium atoms set free electrons from a metal surface the energy limits being 
very sharply defined by equation (13) The very sharp < lit off at low velocities 
seems to indicate the ibsence of serious straggling 

Ions which penetrate the barrier before neutralisation would give by (14), 
V,(„,!„) --6 8 volts V f (mux ) - 20 1 volts The maximum energy agrees 
very well with the sharp upper limit m the experimental curves m hg 9, 
Part I, and as would hi expected, the i dative number of these electrons 
increases wuth the energy of the incident ions i e, with the chance of pene¬ 
tration of the bairn r Also for energies beyond about 300 volts some of the 
ejected electrons escape only after considerable straggling in the surface layers 
of the metal, and the high energy maximum becomes much more diffuse on 
the low velocity side A noticeable peak is found at about the predicted 6 8 
volts, but the position of this subsidiary minimum energy in the curve is 
Tendered somewhat uncertain by the proximity of the very pronounced ‘2 5 
volt peak The sharpness of the high energy cut-off at about 20 volts, and the 
complete absence of evidence for the presence of higher velocity electrons, 
renders it improbable that a three-body collision, as suggested above, can 
play any considerable part in the neutralisation of ions which penetrate through 
the potential barrier 

The distribution curve found for the electrons set free from nickel by He 1 
ions is very similar to that for molybdenum, as would be expected from the 

* Obtained from equation (2), by assuming 4 free electrons for each atom in the solid 

t Obphant, tor cU 
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practical identity of the work functions and the values of p * The qualitative 
theory which we have put forward is therefore able to account satisfactorily 
for the energy distribution among the electrons set free from gas-froe surfaces 
of Mo or Ni If every encounter of an ion with a conducting surfau* led to the 
production of an electron moving m some i mdorn direction the maximum 
efficiency of Ihe process of emission would probably be somewhat greater than 
50 per cent, on account of the scattering back of some electrons projected into 
the metal Actually some ions pentti ate into the metal, and stragglmg and 
absorption would lead to a considerably smaller emission Experiment shows 
(c/ Part I) that below about 600 volts the emission remains sensibly constant 
at about 20 per cent, rising rapidly to about 70 per oent at 1000 volts 1011 - 
energv The efficiency over this range is thus of the right ordei of magnitude 
(6) The Emission dm to tin Kinetic Eneiqi) of the Ton s The numlier of 
electrons set free by a positive ion is not independent of the energy of impact 
of the ion upon the surface, as we have just had occasion to mention Above 
1000 volts the emission mcriases slowlv to about 00 per cent at 5001) volts 
At the same time the sharp upper and lower limits to the velocity spectrum of 
the ejected electrons begin to disappear and in particular many electrons are 
emitted with zero energy (cf fig 11, Part 1) This would indicate either an 
increased straggling due to the elections being produced at greater depths m 
the metal, or else the growth of a different emission phenomenon which begins 
to mask that which is preponderant at lower velocities 

It is possible to obtain information about that part of the emission winch is 
due only to the kinetic energy of the ions, by employing ions for wluch 
V< < 2<f>, or even V 4 < <f>, so that the possibility of liberation of < lcctrons by 
the potential energy is ruled out These ions, when fired upon a conductor 
also set free electrons, but with a much smaller efficiency than lie 1 ions With 

gas-free surfaces the emission is less than 1 per cent of the ion current at bom¬ 
barding energies of a few hundred volts,-f- but some of the electrons possess 
energies corresponding to several volts 
The retarding potential curve for the electrons set free by alkali ions is 
exponential to the volt-axis (see fig 11, Part 1) If the curve is plotted 
semi-loganthmically a straight line is obtained, fig 5 The velocity distribution 
is therefore Gaussian, or a very dose approximation thereto We can find a 

* The value of p, calculated on the assumption of 3 free electrons per atom for Ni, is 
12 8 volts (Fowler, ‘ Statistical Mechanics,” p 548 (1929)) and this agrees with the 
value of p + $ required by electros diffraotion experiments 
t Oliphant, ‘ Proc Camb Phil 8oc ,’ vol 24, p 451 (1928) 
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“ tcnipeiature ” for the electrons fiom the slope of the curve by the relation* 
e/lT ■=* 11,600/T - slope, 

if natural logarithms are used The temperatures derived vary from 10,000° 
for an A1 target, to 66,000° for Pt, using 600-volt potassium ions 

If we assume with Kapitzaf that the emission is thermionic and due to local 
heating at the spots struck by the ions, 
the temperature of the elections must 
be identical with the mean temperature ^ 
of the spots This would mean that N 
temperatures are obtained by this 
process whu h art of a totally different 
order from any others reached in the 
laboratory, except perhaps m the 
electric spark it high piessures 
Thermal evaporation would then 
account for the “sputtering” action 
of the ions J It is significant that Al, 
a good conductor of heat, gives a 
temperature of 10,000°, while Pt, a bad conductor, gives 66,000° Nickel, 
which is intermediate in properties, gives 30,000° This is the order m 
which these metals sputter when used as cathode m a glow discharge 

In conclusion, we should like to record our thanks to Prof Sir Ernest Ruther 
ford for his encouragement and help, and to Mr R H Fowler for helpful 
suggestions throughout, and in particular for integrating for us the expression 
based on the Fowler-Nordheim theory of autoelectromc emission One of us 
(PBM) is indebted to the Department of Scientific and Industrial Research 
for a maintenance grant 

Summary 

(1) A critical account is given of present theories regarding the electrical 
conditions at metal surfaces The origin and form of the surface potential 
barrier are discussed, and reasons given for regarding the major part of this 
barrier as due to “ space-chargo ” rather than to “ image-attraction ” 

(2) Calculations of the autoelectromo emission from a metal surface under 
the intense electric field of an approaching positive ion show that slow ions 

* Langmuir and Mott-Smith, ‘ Gen Elec Rev vol 27, p 449 (1924) 
f Kapitza, ‘ Phil Mag ,’ vol 46, p 989 (1923) 

x Of Hippel, ‘ Ann Physik,’ vol 81, p 1043 (1920), and vol 80, p 1000 (1928) 
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will probably capture an electron in this maimer while still several atom- 
diameters from the surface, though faster ions have an increasing ohance of 
reaching the metal before capturing an electron We suggest a more direct 
treatment of the process regardmg neutralisation as due to the transition of 
an electron through the potential barrier to a state of nearly equal energy 
associated with the ion 

(3) The electron will presumably be captured into one of the “ outer orbits ” 
of the atom If, as appears most probable, this neutralising electron possessed 
while in the metal the maximum energy allowed at low temperatures by the 
Fermi distribution, then the potential energy of the system thus formed will 
be V 4 — <j> where V 4 is the ionisation potential of the atom and <f> the electronic 
work function of the surface If V 4 > 2 <f> the excited atom possesses enough 
energy to set free, by some quantised process, a second electron from the metal 
In the case of an ion which penetrates the surface before neutralisation, it is 
sufficient that V 4 > <f> m order that secondary emission by this process 
should be possible For an atom whose ionisation potential is loss than <f> 
electron emission cannot be due to a simple quantised mechanism alone, but 
must involve some more complex process, such as local heating, in which a 
portion of the kinetic energy of the approaching ion is utilised 

(4) The above ideas are found to provide a satisfactory basis for the inter¬ 
pretation of the experimental results In particular, the theory is in good 
agreement with the observed energy distribution of secondary electrons pro¬ 
duced by ions of various kinds and at various velocities 
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The Effect of a Nuclear Spin on the Optical Spectra —III 
By J Hargreaves, Clare College, Cambridge 
(Communicated by R H Fowler, F R S —Received March 12, 1930 ) 

In two recent papers* the author has discussed the effect of a nuclear spin 
on the optical spectra by the method of multiple wave-functions In these 
papers the interaction energy of the nuclear and electron spins was not taken 
into account, as has been pointed out by Hill f By its omission the equations 
were simplified considerably, without affecting the intensity ratios of the lines 
of the multiplet The problem of finding the relative intensities is a purely 
kinematical one, depending as it does, to the first approximation, on the un¬ 
perturbed wave-functions Tn the papers cited we used the interaction energy 
of the nuclear spin and orbital momentum to find the 4i„ -|- 2 wave functions 
(i n being the number of quanta of nuclear spin) which must replace the two 
wave-functions necessary to describe the electron spin fine structure Tn 
order to describe the multiple energy levels correctly we must calculate the 
interaction energy of the two spins in addition to the energy increments already 
calculated m l and II This is tho first purpose of the present paper, and the 
work is carried out for the cases == 1, 1 J, 4J It is found that in the 

case of the levels the interaction energy of the two spins is equal to that 
of the nuclear spin and orbital momentum, while for the levels the ratio 
is — l It is further found that the energy levels of the S terms are correctly 
given in I and 11 

As regards comparison with Jackson’s results m the case of ceesium, it 
would seen that, the separation of the p-levels bemg very small In comparison 
with that of the S-level, he has been able to observe the multiplet structure of 
the lines due to the separation of the S level only If we make this assumption 
it will be seen on reference to I that our results agree quite well with his 
observations 

A simple description is also given of the hyperfine structure of the Zeeman 
effect (m strong fields, so that the Zeeman effect is of greater order than that 
of the nuclear spin, but less than the doublet structure), and the energy levels 
of the multiplets calculated Results are found which agree very well with 

* ‘ Roy Soo Proc ,’ A, vol 124, p 568 (1929), and voL 127, p 141 (1930) Quoted as I 
and II respectively 

t ‘ Proc Nat Acad Scivol 15, p 779 (1929) 
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Back and Goudsmidt’s observations for bismuth, and confirm the assumption 
they made of the 1 cosine ’ law for the interaction energy Further, the 
agreement confirms the vahdity of the empirical equations given m I and II 
It should be noted that the present method only enables one to calculate 
the energy levels in the case of an atom with one electron in the outer shell, 
or, in the case of atoms (such as bismuth) with more than one, the multiplet 
energy levels for those states in which the total spin angular momentum is \h 
Thus we are enabled to apply the present method to the p t >, p s/i levels of 
bismuth 

Some recent papers have appeared on hyperhne structure White has 
published accounts of the hyperhne structure of praseodymium,* thallium,f 
and given an interpretation of the hyperfine structure^ of various atoms 
We cannot, however, apply the present methods to these atoms, which are of 
a complicated multiplet structure Goudsnudt and Bucher§ have calculated 
the separations for various cases by assuming the “ cosine ” law They do 
not, however, give the absolute values of tho separations , this paper is in 
part a justification of their assumptions 
§ I The interaction energy Hamiltonian of the nuclear and electron magnets 
m the notation used in the papers I and II is 

TT' — -(W- 8 {(* P)-3(<* D(P »)} (1) 

where 1 denotes the vector (x/r, yjr, z/r) To find the energy increments we 
have, in accordance with the usual perturbation theory, to average H' over the 
undisturbed wave-functions, % e , the wave-functions found m I and II In 
other words, we have to find the diagonal elements of H' in the matrix scheme 
m which the uuperturbed Hamiltonian is a diagonal matrix If i r = 1.2, ) 

are the unperturbed wave-functions of any hyperfine structure level the 
interaction energy due to H' for that level is 

2 J<]/ r (H'<Ji) r dr/2 J'i’f’k' d* (2) 

The part of this expression depending on r is 

j 1 {fn*(r)}*r*drll{f n , k {r)}*r*dr 

• • Phys Rev vol 34, p 1397 (1929) 
t ‘Proe Nat Aoad Sol,’ voL 16, p 68 (1930) 
t ‘ PhyB Rov ,’ vol 34, p 1404 (1929) 
iltnd, vol 34, p 1601 (1929) 
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Noting that (jl 0 — elijlnu , p,p. 0 times the integral is £(3 g as dehned m I (24), 
so that if we write 

K = ( o 1 p) - ‘1 ( o> 1) (p 1) (J) 

the expression (2) is 

~ ' Pa S f4v Oty)r </t/sJ<| y£ f rf t (JJ t) 

wh< re th( <]/s now infer 1o the part of the wave function dept nding on 6 and <f> 
The complete solntimis for these ha\e been given foi the difTirent levels m 1 
and II Thus 

-K-i I 

(4) 

^ ~ a, r i*t |r (^os 0) (i -1,2 ‘2i„-f-l) I 

The denominate] of 1h< txpn ssion (2 l) is 

A-jt 

l « 1 » !)’(/-« / H- O’ 

I a** U MM /)' (/ — w — r)»} 

(using 1 (20)) and this is t <|iial to 

»«/(2 k + 1) 

hy the noimahsation ielation JI (19) The expression (2 1) foi the energy 
increments therefore reduces to 

L 2 / J-J ) Pi i, ( ^ (E4/) r sin 0 t/0 <14 (2 2) 

H-r r J 

The calculation of the operation (ht}/), for a particular value of / and t„ is 
tt dious tliough some simplifications can be madt 


(a- 1) = (a r cos <f} | or v sin <f>) sin 0 ) <t cos 0 
- (one* 1, + y'< -**) sm 0 >j cos 0 

when 

<* — £ (<r, ~ "T y ), y' - I (n x \- wr„) V 

and 

(p 1) - ((3c 4 * -f- (j'< -< t) sm 0 -f p, cos 0 
P = £ (P. ~ *P»)> P' " i (p* 1- *P») 


(5) 


a, a', (3, [it' are easily calculated from the matrices for the a’s and p’s as given 
in II They are very simple consisting, m fact, of matrices in which onlv one 
diagonal is filled 

The operator ( a I) (p 1) u then given b\ 

(a- 1) (p 1 ) = («P' 2 * + *'P''~ 24 +«'*' 

-f f((3a t -f ap x ) e** +- (fT<r + a'p,) e _w ] sm 0 cos 6 + (o-.p,) cos® 0 (6) 
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The operator ( crp) and the operators m the brackets ( ) on the right-hand side 
of the above equation are then easily calculated by the simple multiplication 
of matnoes It is found that the result of the operation c{/ f (Etj/), does not 
contain <f> and so the result of integration with respect to <f> is simply 27t 

It would be very long and tedious to calculate the energy increments for 
general values of k and u in the case of i n ----- 1 J, as there are in general 20 wave 
functions, but fortunately this is unmeessary, owing to the fait that the 
system is degenerate For eai h v line of k there are 2k + 2)„ -(-• 2 sets of 
solutions m which - (k (- 2i» 1) k % 1, and for which the energy is the 

same This degeneraiy persists also for the energy increments under present 
consideiation Accordingly vu need only make the calculations for one 
particular value of u Further, in the case in which we are interested for bis¬ 
muth, viz , k 1, the eigen functions are all simple tngonometiical functions 
of 0 

In the case of »„ = however, it is sufficiently easy to calculate the energy 
increments for general values of k and v and this we shall accordingly do We 
easily find with the aid of (1) and (C) and the calculation of « (J, etc that the 
expression (2 2) is 

X | .^(K^) r sin 0 c/6 - „), (2 1) 

where 


(k, a) = af ( p k u - ty* J ) n x 2 (p k H+i - fy* „ h .) 

- K + «s) 2 (P* uii 9tttn) <>«i d'h u ~ f »«i («i + «a) V u 

(- ba 4 (a a f « 3 ) ii n 

p k u = | (P*) 2 sin 0 tlO q k „ -- cos 2 0 (1“) 2 sin 0 rfO 

> k u - £ PS;P1‘ +2 sm a 0 c/0, „ =- j" sin 0 cos 0 P“P£+ l sin 0 c/0 


(7) 


The integrals p k u , q k u , r k u s k „ are evaluated in the following section 
§ 2 The function PJ (cos 0) used in the solutions (4) are defined as 

K (x) — (n — m) ' (1 — *»)■* [(a* - 1 )*]/2* n ' (8) 

With this definition it is easily proved that 

p-" = (_ 1)"*P£ 


Accordingly we can write 



Effect of a Nuclear Spin on Optical Sped) a 


411 


j 1 ^PJWE-Wdi 

- 1 J-l)»( n -m)l(n + ,n)l f' - iWdz 

2**(«') 2 J _, da ?- ml( } )]d 

The integial ou the right is equal to 

“ L <£^ w ~' 1)n ii'‘ S* n J <r 

“ ( ~ '>"■ L ^ ~ ’>■ ’>■ h 


integrating n — m times by parts Working this out wc hncl that 
<1« m - (n - m) l (« j- m) • (4« 2 - 1 m* + 1« - 2) V» ~ 1) (in d 1) (2« + 5) 
We may calculate i„ m and s„ m m a similar way and hnd that 
r n m - - 1{» - m) ’ (m + m f 2) ’ Kin - 1) (In ]- 1 )(2« |- 3) 

. = (» - m) I (n + m + 1)< 2 (2m + 1 )/(2» - 1) (2 r f 1) (2» + 3), 

p„ m is a well-known integial, and is given in I (20) 

§ 3 In the case i„ — 4 there are four hyperfine structure levels, and the 
constants a l a 3 u x for each of the levels are given in I (24), (the constants 
are the i< called a b, c, </), as well as the energy increments due to the interaction 
of nuclear spin and orbital momentum Making the calculations involved 
in (2 3) and (7) we find that the energy increments of the four levels arc given 
(m order of magnitude) by — 

AW =p 1 i-2p 1 *(A 1 1),(2A f l) 

AW - M |- 2(4/(A, t 1)/(2A + 3) 

AW - - [4, (l + l) - 2|4 2 A(* + l)/(22 - 1) 

AW' - - [4j (2 +-1) f 2Pjl<2 + 1 )i(U + 1) 



In particular the pj/j and p 1/2 separations are J and 'g [i 2 
The particular cases k = 1, t, — 1, lj, 4$, can be dealt with fairly shortly 
if wo make the calculations for u — — 2, for example In this case only the 
five functions i(i 2 to <J/ 0 for t n — 1, and the six functions iji g to i|i 7 for i„ — 
The Legendre functions concerned are Pj -1 , Pj 0 , Pj 1 winch are simply 
— sm 0, cos 0, sm 0, respectiv ely The calculations are too long to reproduce 
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here m detail, and we shall therefore give only the results As stated earher, 
for the pi level the nuclear and electron spin energy is equal to the nuclear 


spin and orbital momentum energ}, while for the p J/2 levels it is — l , We 
find then the following cm rgy levels 

(l) i„ = 1 The p 3 /2 levels ait given bv 

AW = p t b 8p 2 /5, p x - lb(i t /5, - 8p 2/ 1 (10 1) 

and the pm levels bj 

AW - - 2[ij| 1 8- lb[i 2 /i (10 2) 

(u) *„ lA 

AW = & M2pi, r ». p,-lp*A P, - «Pj/"' Pi lpj/ r » (HO 

AW - - 2p x | lp t , 2p x 20p a /i (11 2) 

(m) *,- li 

AW = Pi + dbp 2 ,'), p 1 + 4p J ,3 p x b8p 2 /l r », p, - Ufc/B (12 1) 

AW - - 2pj + 12p 2 , - 2Pi - 14p 2 /1 (12 2) 


It will be seen that m all cases the cosine law for the totul mterat turn energy 
is obeyed and m particulai that the separations of p t /o on (in) an m the latio 
b 5 1 as observed by (ioudsmidt and Back 

It is necessary now to considei the effect of th< nut leat and t lectron spin 
interaction of the s ttrms It will hi set n that this is /eio In the solution 
for k -- 0 for all values of i H , and foi some valnl valut of u onl) two wave- 
functions exist Suppose wc choose tht value of it which makes ij/i, and i i 
only different from zeio 

The relevant Legendre function P 0 ° is equal to unity, so that the <k s referred 
to in (2 2) are all zero except ^ 2 « anti t}^, j, which art equal to and a u , x 
respectively It is found that m this case only the opt rations of <«P' + *'P) 
and (a z p,) on the right-hand sidt of (b) givt uon-/i 10 iesidts In fat t wt find 
that 

Aik (Eip) f -= L (-*'„ 2r) a it ii ( 2'» - 2s + 2) 

— 2 {$ (2 l u —• A -j- 1) (^2/12,4 iJ (1 — J COS 2 0) 

The mtegral (2) therefore contains I (1 — d cos 2 0) sin 0 <i 0, anil the averago 
Jo 

energy density of the nuclear and electron spin interaction over a sphere with 
oentre at the nucleus is zero The total interaction energy is therefore zero, 
although the part of the integral in (2) with respect to r is not in this case 
convergent The 8-levels are therefore oorreotly given in I and II 
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§ 4 In dealing with the hyperfine structure of the Zeeman effect we first 
find solutions of the wave equations neglecting nuclear spin, and then take the 
latter as a perturbation In doing this we may neglect the energy of the nucloai 
magnet in the external magnetic held We start with equations 11(4), 
neglecting g, but including the effect of a uniform magnetic held H The 
course of the work follows that in 1 as fai as equations (25) except that we now 
use ii n |- 2 t|i s instead of four Wc get 2(„ -f- 1 pairs of equations similar to 
I (25 1) and (25 2) 

AW 2 ._ 1 = p,- (X f « + 1)afJ+iJ | (« 1-1)co aTu l) 

a)?*' - Pj [- uaft - (X - » h 1) «I + (« - 1) oaf > 

when co - (a 0 H and s = 1, 2 2t n -[ 1 ft is sc < n that by writing u { 1 for u 

in (12 2) we obtain solutions in which only two of the constants a are different 
from zcio Wo get Darwins pair of solutions 2i* -f 1 times denoting a 
(2t„ ■) l)-fold degeneiacy 

(i) AW=p 1 i+«(a-t J)(X + l)/(X \-i) 

<>2.-1 = «*-i fn * (») 1 *K = a u f n k (r) PJ« *<•+'»♦ 

a u — ~ [(X — ? c)/(X, -}r u (- 1)] , 

«2.-i 2 = (X + V + I)/(2X f 1) (X t- «)' (k - u )' 

(u) AW -- — p! (k f 1) ( co (n + 1) X/(X + i) 

- ~ «*.-!, «2.-i 2 - (L - «)/(& + 1) (i 1- «)' (X - «)' 

In both (l) and (n) only 4 >a«. 'I'to-i ai(v different fiom zero and there arp 2i„ -f-1 
sets of solutions m each case, tc,s - 1, 2 (2i„ + 1) «lias the usual range 

of values, viz , — k — 1 ^ i< k 

We find the additional energy due to g. by av< raging the relevant part of 
the Hamiltoiuan over the unperturbed system represented by (l) and (n) 
The empirical terms m II are ineffective except for k <» when they 
become the dominant terms For M 0 the additional terms m the Hamil¬ 
tonian are 

P== ^ (P *)(p 1)}=Fi-^s (13) 

(say) F x represents the second set of terms in the equations II (4 I') and 
(4 2') The increment energy for any of the solutions (i) or (n) is 
8 = 8 X - 8, 

8, = S ( F * <Mr <*t/£ j +r 'I'r * (« = 1, 2) 


where 


(14) 
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F x involves the operators k x ± *% as dehned m I (16) 

f [P£ e~ <u * ( k x ± iK y ) P2 esm 0 d0 d<f> 


% (k T u) || P£ e~ ,a * P]?* 1 e‘< uil >* sm 6 d6 d<f> = 0 


by 1(19) The relevant part of F, is therefore 


Using 1 (19) and (20) we find the values of Sj in the solutions (i) and (n) are 

(i)' 8, = (2i„ - 2s + 2) p/ (2« -( l)/(2Jl + l) 

(n)' 8, = (2t n - 2« + 2) {3 a (I + 1) (2 m f l)/(2i + 1) 

The (valuation of 8 2 involves similar work to that described in the earlier 
part of the paper, but having calculated the relevant matrices is much simpler 
as we have now only two <J/’s We find that 

(i)” 8, = (ii % — 2s + 2) 0, A (2m + 1)/(2A. + 1) (2i + 3) 

(n)" 8, = - (it, - is + 2) p 2 (A + l) (2m + 1)/(2A - 1) (2A + 1) 

It is seen that 8 2 is equal to 8i/(2k + 3) and 8 t /(2 k — 1) respectively, the same 
relation as holds for the ratios of the interactions of the nuclear spin with the 
electron spin and orbital momentum in the absence of an external field There 
fore the values of 8 are — 

(i)'" * -= 2 (2t n - 2s + 2) p 2 /fc(/fc + 1) (2m + l)/(2ife + 1) (2k + 3) 
(u)"' 8 =- 2 (2t B — 2s + 2) (J 2 Jfc (k + 1) (2u + l)/(2 k — 1) (2k + 1) 

In the case of the S-levels the unperturbed solutions (neglecting p) are found 
to be 

(ui) AW = p v o + to 

^ f n , o (0. all other iji’s being zero 


(iv) AW = pj, o - to 

^ 2 , (r), all other d/’s bemg zero 

r 

The first terms in AW are due to the empirical terms m the wave equations, 
and were found m I and II, the second terms are simply the second term m 
(l) with u = 0, — 1 respectively The relevant perturbation terms are now the 
empirical terms, the value of 8 bemg given by (14), with F, replaced by F, 
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the part of the Hamiltonian representing the empirical terms In the opera¬ 
tions (FiJ/)z,_i, (FiJiJjj, wo need only retain terms containing ^ 2 ,-i. respec¬ 
tively , since there is only one <ji in any unperturbed solution Hence 

(F+k., —+ 

Using 1 § ((>), we hnd that for solutions (ui) and (iv) 

(m)' 8- -(2i*-2s + 2)p JO 
(iv) 8 -= + (21. - + 2) p 2 o 

respectively Each level is therefoie split up into 2t. |- 1 nucleai spin levels 
to each of w hich b< long two (or, for the S-levels, one) wave functions^ 2 ,- 1 , ^ 
(s = 1, 2 2i* l) The intensity of a transition from a A-level to a (A — I)- 

level depends on L 4'r'V and we see, therefore, that the only possible transitions 
aie between correspondmg levels (i e, with the same value of s) Further, the 
wave functions are the same for all s in (l) to (iv), so that the intensities of the 
transitions are the same Therefore each line m the Zeeman effect is spht 
up by the nuclear spin into 2t„ -(- 1 lines of equal intensity Moreover, the 
difference between consecutive values of 8 m any (k, u) level is seen to be 
constant, and so there is a constant frequency difference between the nuclear 
spin multiplet lines 

The line p 3/2 ■» s (i n = 4£) has been observe d for bismuth in detail by Back 
and Goudsmidt According to our calculations for the p s/2 level 
k = I, tt — 1, 0, 1-2 8 = 4(U-2s)p a (2« + l)/iri 

and for the s-l< vel 

A - 0, m = 0, — 1 , 8 -- T (I I — 2s) p, 0 

respectively 

Foi the two paiallel components (u = 0, —1 to it = 0, —1) the energy 
difference between conseoutive lines of the nuclear spin multiplets is in each 
case 

ap 2 /15 + ip, (15) 

For the perpendicular components w = 1, —2 to u --= 0, —1, it is 

8{l 2 /5 + 2{J a>0 , (10) 

and for the perpendtcular components u — 0, — 1 to u — — 1 , 0 

8P./15 -2p, 0 

2 E 


VOL CXXVII—A 


(17) 
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The separation of the 8 levels is bv II, § 4, 20^ 2 „, and the total separation of 
the p 3 /2 levels is bv (12 1) lbj^ The experimental results cited show these 
quantities (subject to a i onstant factor) to be 0 830 and 0 605 respectively 
The separations (15), (lb), (17) should theiefore be 0 1032, 0 1415, 0 0b2X 
These values agree veiv well with obseivations, and with tin deductions of 
Back and Goudsmidt based on the c lassioal quantum the orv and the assumption 
of the “ cosine ’ law 

As regards the hyp< rhm strut tun of t-aiaium, if we assume that the doublets 
observed by Jackson were dut to the doubling of th< S-lcvel, and that he was 
unable to observe the separations due to the doubling of the p S / 2 and p\/z lcvtls, 
we must suppose (see [ tig 1) that the lines he observed were the two strongest 
of p v ° >■ Siii anti pii> > s hi If we do this for the lines Is-*- 2 2 p t /> and 
Is * 2*pii>, which he t xammed we deduce that the separation of the p^ levels 
vir , 35(S 2 /15, is equal to 0 021 etn The elet tron spin tloublet separation of 
the p-levels, viz 5[3,, is 550 cm -1 Htnct 

lipi/inpi -0 021/550 

If, therefore, we suppose* the magnetic moment of the nucleus to be CZeA/2»i'c 
(ste I), we laid that 0 is approximately 6 5 We deduce, therefore, that the 
ratio of magnetic moment to mechanical moment in the nucleus is appioxi- 
mately b 5Z e/in'c 

idded Note — While the present work was being written up a paper appeared 
by Fermi,* in which he obtains the s, p {l >, and pin multiplet levels The 
results are identical with the ones obtained in the present paper, a different 
notation being used 


Fermi, ‘Z Physik,’vol 00 p 320(1929) 
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The Ciystal Sit ucture of the Normal Paraffins at Tempo atmes 
Hanging from that of Liquid Air to the Milting Points 
By Alfx Mulij-h 

(Communicate d by Sn William Bmgg, F R8 -ltnuved VIai« li 12, l')3D ) 

| Pi CTKH 5 U 1 
hdnxltuHwt 

The aim of this papei is to give a survey of the stun tuns of the nonnd 
paraffins at temperatures ranging from that of liquid uu to those m the 
neighbourhood of tin melting points The papei divides naturallv into two 
parts, one dealing with tin tluimal expansion, > < with the giadual and con- 
tnmous increase of the lattice dimensions with lncieising itmperatun the 
other with the discontinuous structural changes which occui undei ccitiin 
conditions when the substances in subjected to tempit itmc changes 

('h( miral Xlnti i lal 

The chemical material was partly that already used in pic \ inns weak and 
partly new material Most of the substances were svnthisiscd in tin l)av\- 
Faradav Laboratoi\ Some of the pieparations such is hexane and pentane 
wert bought and caic fully purified The wntei is again v< ly much indebted 
to his colleagues, Dr H S Gilchnst and Mr 10 L Holmes who wen kind 
enough to do all the chemical work for him 

Lj pc i uni ntal 

The following method for mounting the samples on the X lay spec tromcti r 
was found to be very convenient Thm-walled glass tubes of, say, l to 1 ( mins, 
diameter were partly filled with the imbalances and then sc alcd off at both ends 
In this form the samples could be kept indefinitely and handled with ease 
These glass tubes were made to fit closely into small metal holders and eould 
then be centred accurately on the spectrometer During the i xposun they 
were rotated The cooling of these samples was quite a simple nnittei Foi 
the liquid air investigation the sample holder had tile shane of a small cup 
supported by a stem The glass tubes weie made to fit into a narrow cential 
hole in the stem The liquid air was conducted through a small glass funnel 
which ended veiy close to the sample and near the point where the X-iays 

2 K 2 
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struck the substance The liquid air flowed along the glass tube into the cup 
and overflowed or evaporated there By this method it was possible to 
keep substances like butane and pentane froze n The film holder which sur 
rounded the sample was made into a camera sufficiently air-tight to prevent 
moisture fiom entering it No traces of ice lines could be detected on the 
photographs Work at higher temperatures was done with the same apparatus 
except for a few minor situations The cup shaped holder was replaced by 
a small cylindrical one and a small platinum heating coil which surrounded the 
sample closelj w is put immediately below the point where the X-rays struck 
the glass tuhe Any of the samples investigated here could he kept in a 
liquid state by sending a small current through thp coil The surface which 
separated the solid fiom the liquid phase inside a sample tube could be slufted 
up and down and tin solid or liquid portion could be brought into the path 
of the X-iajs at will 

Tin X ray tula with copper anticathode A = 1 r )H9 A U was run by an 
induction coil with a Wehnelt interrupter and the radiation was filtered by 
nickel foil 

1 Tlurmal Ejpatmon 

Befoi< giving an account of the expansion measurements it is necessary to 
recall a few facts about the structure of these hydrocarbons C>oHeo has been 
previously determined from X-ray measurements on a single < rystal * In the 
present work there was no necessity to piocure single crystals Powder photo¬ 
graphs, examples of which are given at the end of this paper, showed at once 
that i whole series of these substinces have identical structures, i e , the chain 
molecules although different in length aie arranged m exactly the same manner 
throughout the series It will be shown in the second part of this paper that 
under certain conditions some of these paraffins can form a second structure 
different from the one mentioned above It should be remembered that the 
expansion measurements treated in this section have been earned out on the 
first, or ‘ normal ” structure, re , on the one corresponding to C 29 IIflo 

A few words may be said about the way the figures for the expansion were 
obtained from the photographs The plan was to find the hnear expansion 
in the direction of the three crystallographic axes First it was necessary to 
identify the reflections on the films The size of the lattice being known, the 
usual difficulty did not arise There were three reflections which could always 
he obtained with comparatively short exposures, namely, the 110,200 and 020 

* ‘ Roy Soc Proo ,’ A, vol 120, p 437 (1028) 
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The first was the strongest, the two others were wtaku The two last 
reflections were usually the most clearly (filmed of the three The spaemgs 
corresponding to them gave at once half the length of tht two mam axes a 
and 6 in the basal plane of the crystals The following table gives tht numenuil 
data of the lengths of these two axes as obtained from dilfi it nt substances at 
different temperatures With legard to the tcmperatuit it will bt noted that 
no figures are givtn m tht table No attempt is math m this prehminaiy 
paper to obtain a high degree of accurac y 

Table 1 


Liquid hit Boom 1 1 » degrees (’ bolmi 

Number temperatim lumperatun milting point 

of C | 

atoms | j I 

(i/2 b,l a 2 bjl n 2 | h<2 


11 

15 

17 

18 

19 

20 

23 

24 
20 
30 


I 50 2 41. 

1 5‘1 2 47 

3 595 2 44 r > 1 85 

— ! 81 
3 58 2 44 3 70 2 40 5 SO 

, — i — 5 88 

3 OO 1 2 45 I — 

3 82 2 45 3 73 2 10 5 80 

— I 1 70 >47 ) 70 

— 5 74 2 4K 


2 51 
2 50 
2 487 


2 50 



The figures show cleaily that the lengths of both ax< s inert uses consult, r ibly 
with increasing temperature We take the figuns «/2 and b/Z for different 
paraffins at liquid an temptratuie They ait identical within the limits of 
experimental error, i< \ to 1 per cenf Tile ivtrage fm a 1 and b'l at liquid 
air temperature is 

a, I -- 1 591 J; 0 004 A U 

b, Z -= 2 154 ±0 004 A U 

The relative errors of the averages an thus only a few thousandths (The 
absolute values should be correct within svy, \ per tint) Tu the following 
table the linear expansions of the a and the b axis have been calculated with 
the aid of the hgures m the previous t ible 
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Table Li 


Number 

oft 


Molting 


Iemporuture range 


d 0 




db 


per tent 


da/db 


IS 

19 


24 

29 

29 


22 1 iiiuiii air -near melting point 

28 [ — 

31 - room to in pe ratlin 

m hi milting iioint 
38 

54 -room tempi rat im 

mar milting point 
f>4 , —room temperature 

near melting point 
M> - room ti mjK ratlin 


tl 74 
e 87 

2 98 
7 57 
7 99 
1 81 
5 7« 

3 14 
5 48 
I 01 


2 32 2 9 

1 91 3 0 

1 51 2 0 

1 30 5 8 

I 91 4 2 

1 51 | 25 

2 34 2 5 

(I 77 I 4 1 

1 51 JO 

1 10 i 35 


>11 - It ngth of a axis at liquid air ti mpt ratuit 
l>i — It ngth of A avis at liquid air tempt latuit 

a, = length of a axis at temperature t 

b, length of b axis at tunpeiatuie / 

A„ - 100 (a, - o,)/0/ X ~ b,) A, 


Tin table 8hows that the percentage expansions of the a axt s are considerably 
largei than the corresponding ones of the 6 axes The averagt of tin figures m 
the last tolumn of tin table gives 


(XIXU - * r > ± « » r > 

In order to gtt sufheiently accurate data for the change in length of tht c 
axes it was found necessary to adopt the usual method for mounting the powder 
samples in which the substances are spread into thm layers on flat glass surfaces 
The photographs obtained with the glass tube samples did as a rule show the 
long spaemgs corresponding to the c axes, but the definition of the lines was 
not good enough to allow measurements of small changes The photographs 
obtained from these thin layeis show very sharp lines and changes of the 
ordt r of 1 pei i (nt could have been detected in the distance of two symmetrical 
r< fle< tions on tht films 

The photographs showed no appreciable displacement of the long spacing 
reflections when taken at different temperatures In other words the expan¬ 
sion of the c axis was found to be much smaller than that of the a or A axes , 
and not to exceed one-tenth of the expansion of the a axis A reproduction 
of a photograph which shows this very clearly is given at the end of this paper 
The figures obtained m this section will lie discussed later on 
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I] The Structutal Chaiu/es with Temjsraturi 

This second section deals with the discontinuous changes in the structures 
which take place when some of the substances are subjected to temperature 
alterations The fact that such changes can easily be detected by X ray 
methods has been shown in an earlier investigation on the paraffins * It was 
noted that these changes win reversible Kaih of the two crystalline forms 
which the substanc es could assume were stable over a ci rtam lange of tempera 
tures and the substance could he made to change from one form into th< other 
by altering the tompuatme 

In this section of the paper an attempt is made to follow up tin earlier 
investigation bv a more detailed studv of the phenomena The substances 
which are dealt with m this section rangi fiom C 5 lfi 2 pcntine to fboUos 
triacontauc 

The lowei tnembcis of the series being liquids at room temperature had to 
be kept frozen during the X ray exposure These samples were kept m those 
thm walled glass tubes mentioned at the beginning The highc r members of 
the series wen eithet used m th» same wav or in the form of thm lavers on 
glass 

The following table gives the data for tin long spaemgs,’ i < those spaemgs 
whic h depend essentially upon the length of the carbon < ham in each individual 
substanci 

Table III 

V vt n nnniU r» 

\ 

d, d 

« 1 8 55 

8 —,110 
10 - 1J 4 

10 — 20 9 

18 , 25 t , 21 J 

20 | 27 4 25 4 

24 I 32 0 — 

26 I 15 2 — 

10 40 0 | - 

I 

The figures of Table III are plotted in fag I 



‘ i Them vSoc.’vol 127 p 500 (1925) 
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The spacmgs rf, and are plotted against the number N of carbon atoms m 
the chains Above N = 20 the spacmgs of both the odd and the even numbered 
substances he within the limits of experimental error on one straight line AA 
The increase of the spacing per carbon atom is 1 2 r > A U fn the neighbour¬ 
hood of N = 20 the odd and even numbered substances begin to differ in their 
behaviour From both r 20 H 4i and 0i 8 H 38 two sets of spacmgs can bo obtained 
If the substances are kept near their melting points longoi spacmgs appear 
which he on AA At lower temperatures another set appi ars, and the spacmgs 
now lie on the line BB Further cooling no longer produces any change and 
the two spaungs still persist at liquid air tcmperatuie f'i 4 H 54 gives only one 
spacing on the lower line, and the same thing is for the still lower members of 
the even senes down to 0 8 H l4 The odd members of the series behave in a 
different way ( ' 19 H 40 gives only one spa< mg and no change is found when the 
substance is cooled down to liquid air temperature The spacing of CigH 40 
lies on the upper line AA The same holds for C 17 , Ci 5 and 0u At CgHoo a 
change takes place, and the long spacmgs of the members of the odd series 
from N — 9 downwards approach the straight line BB This is so far as the 
long spacmgs are concerned The structural changes which both Cjo and Ci 8 
oan undergo are shown not only by the appearance of the two sets of long 
spacingB but also m the general appearance of the powder photographs 
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Particularly when “ glass tube samples ” are used the two structures give quite 
different patterns on the photographs Those on which the longer spaemgs 
appear show the features characteristic of the normal form, and similarly, 
those on which the shorter spaemgs appear are almost indistinguishable from 
eaoh other except for the long spacing lines This second characteristic 
pattern is not only found with C 20 Ht 2 and CuHgg but also with lower members 
of the even series and can be traced down to CgHig Structures which show 
this seoond characteristic pattern will from now on bo called “ second form ” 
in contradistinction to the “ normal form ” Reproductions showing the 
difference between the two patterns will be found at the end of this paper 
The three strongest lines of the second structure have the spaemgs t r »G, 
1 79, 3 58 A U (Cj»H 12 at room temperature) 

With regard to the appearance of the second form it may bo mentioned that 
on rare occasions faint traces were found on photographs of of a line 

which did not belong to the normal structure This hue coincided with the 
strongest line of the second form It is therefore not unlikely that traces of 
the second form may coexist with the normal form The writer has not Ik en 
able to find the exact conditions under whu h this phenomenon occurs 
An attempt was further made to explore the finer details of the changes in 
the crystal structure in the immediate neighbourhood of the melting point 
A very hue pencil of X-rays had to be used for getting a clear separation of the 
lines and the temperatures had to be changed in small steps A sample was 
first completely melted The photograph obtained at this stage was the well 
known broad ring characteristic of the liquid state The temperature was 
then lowered a very little The X rays beam was made to strike the spot 
where the solid and the liquid phase met The photograph obtained under 
thi se circumstances was rather striking The broad ring bad vanished and a 
\erv well-defined sharp ring appeared winch had the appear ince of a normal 
crystal reflection The striking fact was that no other reflection of anything 
like the same order of intensity could be found on the photographs At a 
slightly lower temperature more lines appeared, but this line remained without 
showing any appreciable change m definition or position, and was found to 
coincide with the 110 reflection of the normal structure The various stages 
through which the structures went are shown in the reproductions The 
sharp single reflection was found to appear with both even and odd numbered 
substances 
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The data m the first part of this paper show that the hydrocarbons are 
strongly anisotropic The average coefficient of expansion between the tempera 
ture of liquid air and the melting points of all the substances investigated is 
b 8 per cent m the direction of the a axes and 1 9 per cent for the b axes 
The average ratio of the two is 1 5 ± 0 35, t 1 , the coefficient of expansion of 
the a axis is about three to four times as large as the one of the b axis Com 
pared with these expansions of the two axis in the basal plane the expansion 
in the direction of the third long axis of the higher numbeis of the series 
is \erv small In the photograph which is 
shown at the Old of the papei theie is no 
displacement deteitabh in the long spacing 
reflections at liquid air ternpeiature and at 
room temperature This photogiaph was 
obtained from (VHw The above facts are 
illustrated in fig 2 

In this diagram is shown a zig rag line 
indicating the position of the chain moleiules 
in the unit cell The distances and arrange 
mont of the chains in the mstals and the 
structure of the chain itself ha\e been 
discussed in detail m the previous paper on 
f’2oH«o (foe cit ) 

The expansion data show that the chain 
axes move apart from each other as the 
Fl0 2 temperature increases t e , tin distance 

A A' becomes larger when the crystal is 
heated The expansion of the length of the c axis depends upon two 

factors One is the moving apart of the end groups, t e , the increase of BB' 

with temperature The second is the expansion of the chain molecule itself 
The expansion or possible contraction of BB' is unlikely to differ in magnitude 
from the lateral change in distance of the chain axes If, therefore, it is found 
that the total expansion of the c axis is negligible compared with this lateral 
expansion, the conclusion is that the molecule itself has a negligible expansion 
in the direction of its axis This simply indicates that the forces which hold 
the atoms together in the molecule are different in magnitude from those which 
keep the molecules apart from each other The chemical conception of the 
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entity of the molecule is thus confirmed for the solid state This in itself is 
not surprising, but the fact that the investigation m now brought within th< 
range of numerical treatment opens liitcrestmg possibilities By increasing 
the accuracy of the measurements it will undoubtedly be feasible to obtain 
the expansion of the chain itself and so to 
compare the intramolecular with the inter- 
molecular cohesion 

The expansion ratio $ 5 of the a and b axis 
confirms what lias been found in the structure 
inv< stigation of the paraffins, namely, that the 
(.ham molecule has no ladial symmetry about 
the ( ham axis 1 

It is interesting to see how tin distant t of neatest approai h of two adjaa nt 
chain axes altc rs win n the tempuuture is r used This distant e 1) is show n in 
fig 1 

T ike the nuasurtmi nts foi which melts at 31° (' 



Tempi ratuit > 1) 

i A U 

Liquid air 1 4 i r i 

Room tt mperature 1 f "i 

Near f .Solid j 1 0 

mt lting point \ Molten j 1 0 


The last figure refers to the substance m the litpud state when the temperature 
is not far from the melting point The X-ray reflection on the photograph 
is a broatl ring, and the spacing corresponding to this ring cannot be calculated 
with the same degree of accuracy as thoBi which appear when the substance is 
in the solid state It seems, however, that tlu re is no appreciable discontinuity 
m the hgures By measuring the width of the ring it is therefore possible to 
get an approximate measure of the distance of nearest approach of the chain 
axes when the substance is a liquid 

Rings of this nature have been obtained by several investigators , the interest 
of the above figures hes in the fact that they Buggest a more definite inter¬ 
pretation of the significance of this ring thau has been obtained hitherto 

A few words may be said about the rather unexpected phenomenon of the 
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single sharp reflection which appeared when the substances were investigated 
in the immediate proximity of the melting point The phenomenon will 
have to be studied in more detail before a definite explanation can be given 
It is perhaps not out of place, however, to discuss the subject to some extent 
The first of the following diagrams represents a croBS-section through the 
unit cell of a normal ” paraffin crystal The chain axes, whioh are supposed 
to stand perpendicular to the plane of the paper, intersect this plane in points 
which are surrounded by small ellipses in the drawing These ellipses represent 
the cross-sections through the chain molecules There are two sets of these 
ellipses present, their major axes are placed synimetucally with regard to the 
a axis of the crystal The positions of the molecules indicated m fig 4 have 
to be regarded as average positions at a given temperature 



Fio 4 


Apait from a change m proportions the above arrangement is found to 
exist until the temperature reaches very nearly the me It mg point 

At this juncture the arrangement of the molecules in the crystal si < ms to 
alter The X-ray photographs change their appearance The 200 reflection 
becomes very faint compared with 110 fine, and seems to disppear completely 
when the photograph is taken at a slightly higher temperature Yet the 
110 line does not alter appreciably in sharpness and only disappears when the 
substance turns mto the liquid state The broad ring which then appears 
has * distinctly different spacing, 4 6 A U compaied with 4 2 A U of the 
110 reflection 

A photograph with a single sharp reflection would be obtained from a layer 
structure, i e , from an anangement in which groups of molecules are placed 
in equidistant layers Each group would have to contain a sufhciently large 
number of molecules to give sharp reflections The groups themselves taken 
as a whole could be oriented at random The question arises as to whether 
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the normal structure can be transformed mto a layer structure in a simple 
way This seems to be so The oscillations of the molecules round their 
chain axes, one possible mode of thermal agitation, must increase as the 
temperature rises These oscillations may become so strong that some of 
the first set of molecules turn into positions occupied by the othei set, and 
vice versa The step fiom such an arrangement to one where groups of 
molecules are airanged in layers is then easily made Tins is illustrated in 
fig 5 
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Fio 5 

Without the knowledge of the nature of the intermohiulai forces it is 
obviously impossible to sec why just this layer arrangement should have a 
ciitain stability Further investigation will show whether the explanation 
of this sharp single lmo is correct If this is so, then observations taken tn 
the neighbourhood of the melting points are of paiticular interest, for they 
are likely to reveal the strongest bonds between the molecules 

The following part of the discussion will deal with the abrupt changes in 
the structures of some of the paraffins The essential facts have alreadi 
been given in an earlier part of this paper The experiments show that there 
is a marked difference m the behaviour of the odd and even numbered sub¬ 
stances This general observation is hardly surprising, for it has been shown 
in a previous note* that such differences may almost be regarded as geometrical 
consequences of the zig zag chain structure The interest lies in the manner 
m which these differences reveal themselves A qualitative explanation can 
easily be found 

Supposing first we deal with paraffin crystals which contain very long chains. 
The influence of the groups at the ends of these chains upon their mutual 
arrangement must then be very small, and the chains will arrange themselves 
in their own typical fashion Both odd and even numbered substances will 
practically have the same structure, as is shown in the case of the paraffins 
which have more than 20 carbon atoms But supposing the chains become 
* ‘ Roy Soc Proo A, vol 124, p 317 (1929) 
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shorter The discontinuity in the structure of the chains at their aids, or in 
other words the end gioups, will then increase their relative influence At a 
(trtain chain length they may become preponderant and a complete change 
in the crystal structure may b» the lesult It is lure that w< < \pect to see a 
difference m the beha\iour of the odd and the even numbered substances 
The orientation of the end gioups relative to < a< h other being different m the 
off and the (veil series there is no leason why these groups should act alike 
This is what actually happens The change of the structuie in the even series 
occurs in the neighbourhood of N — 20 in the odd sc nts betwe cnN — 9 and 

N 11 

The fact that i small tempi ratine e hange is capable of disturbing the balane e 
of the internil forces is worth noticing It is lure that an external electric 
or magnetic field tna\ have the powei of influencing this balance m a similai 
waj 

A piobleni the complete solution of which has been postponed is the deter 
mmation of the structuie of the second form The powder photographs suggest 
that the cross section of the unit cell of this foim is no longer rectangular 
From the three strongest lefleetions a eioss section can be calculated The 
result is shown m hg (> in e orre e t proportions 



‘■cnl. of i A u 

Fro (i 

The figure in full lines icpresents the e loss-section of the normal structure 
The figure in dotted lines refers to the other The transformation of the normal 
section into the second one is easily obtained by a small distortion It is, 
however, not unlikely that the base of the second form is a multiple of that 
which corresponds to the cross section m the diagram In this case the mole 
cules of second structure would have to be oriented in alternate directions 
The figures given m Table III show that the long spacings of the second form 
are shorter than the corresponding spacings of the normal form The reason 
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for this may either be a shortening of the molecule itself which would involve 
an alteration of the chain structure, or it may be a tilt of the normal chain 
relative to the base of the unit cell, or it may be the result of a re arrangement 
of the end groups accompanied by a contraction in the direction of the chain 
axes, or, of course, a combination of these changes A change in the chain 
structure itself is, however, not likely to occur A further investigation will 
decide which of the explanations is the correct one 

Sunnna> ij 

1 The structures of a number of normal paraffins ranging from (' 5 H 12 
to C S0 H S 2 have be< n invi stigated by means of X-rays at liquid air temperatun 
room temperature, and in the neighbourhood of the melting points 

l It is observed that the higher members of the paraffin series cr)stall]v 
in the so-iailed normal form which has been described in an earlier papn 
iih spectivi whether their carbon conti nt is an even or an odd number This 
normal form is found to be stable between the melting points and liquid air 
ti mpe raturi 

1 The linear expansion within these temperature limits has been investigated, 
and it is shown that the coefficient of expansion of the a axis is three to four 
times larger than the one of the b axes The coefficient of expansion of the 
< axes is vciv much smaller than the one of either the a or the 6 axes It was, 
i n fact, too small to be measured m the present experiments 

4 Differences in the behaviour of the even and the odd mi mbers begin to 
show when the carbon content of the substances decreases CSqHu and CiaHas* 
both exist in two alternative structures Within a small range of temperatures 
near the melting points the normal form is found to be stable for either sub¬ 
stance At lower temperatures a second irjstal structure appears The 
change from one form into the other is reversible for C 20 1I^ and CigH^ 
The change from the normal form into another one occurs ilso m the senes of 
the odd members The transition takes place between C U H 2 « and C 9 H 20 

5 Observations taken m the immediate neighbourhood of the melting point 
indicate that these substances tend to form layer structures 

b The conclusions drawn from the experiments are given in the last section 
of the paper 

The wnter wishes to express his best thanks to Sir William Bragg for the 
friendly interest which he has taken in this work, also to Dr II S Gilchrist 

* Nob added tn proof —The missing C tt H 4( has been investigated by tho wnter since 
this paper was sent m O t! behaves like C„ anil C t0 , » e it shows tho two forms 
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and Mr E L Holmes for their unfailing and enthusiastic help He feels 
also much obliged to the managers of the Royal Institution for the opportunities 
giv en to him for carrying out this work at the Davy-Faraday Laboratory 

EXPLANATION OF PLATES 5, 0 

Hie X ray photgraphs 1-0 and 0-15 in the table are taken with “ glass tube ” samples 
of normal paraffins Radiation copper rays and Ni filler Film radius, 3 79 cms (l mm 
1710) Reproduction natural size 
No 1 C 30 H, t room temperature 
No 2 O w H w room temperature 
No 3 C J4 H m liquid an temperature 
No 4 C 17 H 3 , room temperature neai molting point 

No 5 C l ,H s , liquid air temperature 
No 9 CnH .,0 liquid 
No 10 C 2 ,II M near molting point 
No 11 OkiHjj near melting pomt (normal form) 

No 12 CjoH ta second form 
No 13 CjjfLj liquid air temperature 
No 14 C|H U liquid air temperature 
No 15 C ( U i3 liquid air temperature 

No 6 C lt H 40 same distance and radiation ns before, but substance spread into thin 
layer on glass Top, liquid air temperature bottom, room temperature 
No 7 Enlargement of No 6 

No 8 Photograph taken on plato at 15 00 cms distanoe Copper radiation Top, 
C»H 41 room temperature middle, C tft H 4 t second form , bottom C M H 4 
normal form Substanoes spread into layer on glass plate (by melting) 
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The Behaviour of a Single Crystal of Antimony subjected to 
Alternating Torsional Stresses 

By H J Gough M B E , D Sc , Ph D , and H L Cox, B A , National Physical 
Laboratory 

(Communicated by Sir Thomas Stanton, F R S -lit ceived January 15, 1930 ) 
[Platbs 7-11 ] 

Previous experiments on the failure bv fatigue of single crystals of aluminium, 
iron and one, representing the face-centred cubic, the body-centred cubic, and 
the close packed hexagonal lattices, respectively, havo shown that failure of 
metallic single crystals tends to occur by sbp on the plane of greatest atomic 
density in the direction of greatest (linear) atomic density The results obtained 
with iron seemed to indicate that of the two factors, the linear density is the 
more important In all three lattices, however, the line of greatest density 
lay in the plane of greatest density, so that slip m the direction of the line of 
greatest density could always occur on the plane of greatest density and 
definite differentiation between the two factors was not possible The structure 
of antimony (and also of bismuth), however, is such that the planes of maximum 
density do not contain any of the lines of maximum density, so that if the 
type of the sbp plane were determined, definite evidence of the relative impor¬ 
tance of the two factors would be obtained The present experiment was 
designed to yield this evidence , but in so far as the results are inconclusive, 
it is hoped to obtain furthei evidence by a similar experiment on a single 
crystal of bismuth 

Lattice Structure —The lattice structure of antimony as determined by A 
Ogg (‘ Phil Mag ,’ vol 42, p 163 (1921)) and by James and Tunstall (‘ Phil 
Magvol 40, p 233 (1920)) is a lattice of trigonal symmetry composed of 
two similar face-centred rhombohedral lattices, similarly orientated, displaced 
relative to each other along the longest diagonal of the rhombohedron (the axis 
of trigonal symmetry) The angle between any pair of edges of the rhombo¬ 
hedron is 86° 58' and the atoms are spaced along these edges at points 6 18 A * 
apart The ratio of the lengths into which the lattioe points of either con¬ 
stituent lattice divide the long diagonals of the other lattice is given as 0 412 
0 588 by Ogg and as 0 389 0 611 by James and Tunstall For the purpose 

* A Ogg : James and Tunstall give 6 20 A 

2 * 
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of the present report the exact value of this ratio is of little importance , but 
where some value has to be inserted (e q , in fig 1) the value 0 4 0 6 has for 
convenience been assumed 

Fig 1 shows three views of a model of the lattice structure of antimony 



Fig 1 —Diagrammatao Representation of the Structure of Antimony Rhorabohedra! 
Lattice (faoe oentred) - -Angle 80° 58', Parameter 8 18 \ , with Interlaced Lattice 
displaced along Trigonal Axis 


which was constructed for the purpose of the present research The model 
was made m the form of a vertical hexagonal prism, about the trigonal axis of 
symmetry as axis, truncated at the top by three planes parallel to the rhombo- 
hedral faces Fig 1 (a) shows an elevation of the model with one (horizontal) 
diagonal of a rhombohedral face m the plane of the paper , hg 1 (6) an elevation 
with a pair of rhombohedral edges in this plane , fig 1 (c) is a plan of the model, 
the trigonal axis being perpendicular to the plane of the paper In all three 
diagrams the full black dots represent the atomB on the outside planes of the 
model and the open dots the atoms visible within the model, in order not to 
confuse the diagrams the internal horizontal supporting wires are omitted m 
figs 1 (a) and 1 (6) On figs 1 (a) and (6) are indicated the traces of such 
of the principal crystallographic planes as are perpendicular to the plane of 
each diagram Figs 1 (d), ( e ), (/), (</), (h) and (k) show the arrangement of 
atoms on the principal crystallographic planes together with the principal 
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atomic directions contained by those planes The densities of the atoms on 
the principal planes and along the principal directions are also given in fig 1 

Conventions and Symbols —The lattice structure of antimony is very nearly 
cubic, and for this reason the Millenan indices of the crystallographic planes 
have been referred to the rhombohedral edges as, m the case of the cubic 
structures, they are usually referred to the cube edges , but with this notation, 
planes, winch in the cubic system would be of the same type, may m the 
present system be of different types, and, in particular, the atomic densities 
on two such planes may not be the same (cf Table I) Another important differ¬ 
ence between the rhombohedral and the cubic systems is that in the rhombo¬ 
hedral lattice the principal lines of atoms are not m general perpendicular to 
the principal atomic planes 

Fig 2 is a stereographio projection of the lattice of antimony in which the 
long diagonal of the rhombohedron (the axis of trigonal symmetry) is taken as 
tho pole of the diagram This particular mode of projection is considered to 
be preferable to any other since, besides showing the true trigonal symmetry 
of the structure, it differentiates fairly clearly between planes of different 
atomic densities (c/ Table I) Since the principal lmes of atoms are not repre¬ 
sented by the normals to the principal planes, these lines cannot conveniently 


Fio 


h3 



2 —Stereographio Projection of Rhombohedral Lattice Rhombohedral 
(Antimony) ■* 86° 68'. 


Angle 


2 P 2 
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be denoted by the Millenan indices of the planes perpendicular to them, a 
supplementary notation must therefore be introduced For this purpose the 
rhombohedral lattioe may be supposed to be obtained from the oubic lattice 
by a process of extension m the direction of one of the diagonals of the cube , 
this process of extension causes the principal lines of atoms to separate from 
the normals to the principal planes The principal lines of atoms might 
therefore be denoted by the indices of the planes with the normals to which 
they coalesce in the cubic structure , but these indices are already m use for 
the normals to the planes themselves These indices, therefore, when they 
refer to a line of atoms, are rewritten, x and x being substituted for 1 and I 
in the first place of the Millenan form, y and y for 1 and I in the second place, 
and a and i for 1 and I in the third, all zeroes being disregarded, each set is 
then, for convenience, rearranged m cyclical order Thus x denotes the line 
of intersection of the planes 010 and 001, yz the line of intersection of the 
planes 100 and Oil, etc 

In addition to the Millenan notation, it is convement, for the purpose of 
stress analysis, etc, to denote each of the principal planes and lines by a 
separate letter, capital letters being used for the planes and the corresponding 
small letters for the lines of atoms with which the normals to each plane 
coalesce in the cubic structure In Tables I and II, where the second column 
shows the letter chosen to represent each plane and direction, this convention 
has been adopted 

In Table I, the principal planes of the antimony structure are grouped m 
classes in terras of the density of atoms on the planes, and the atomic density 
on the planes of each group is hated together with the pnnoipal lines of atoms 
contained by each plane 

It will be seen that the planes of highest atomic density are the Oil, 101 
and llO planes, and that these planes are of a different type from the planes 
Oil, 101 and 110, which have a much lower atomic density , that the plane 
next m atomic density to the Oil, 101 and llO planes is the 111 plane, and that 
this plane is of a different type from the Ill, ill and 111 planes, which again 
have a somewhat lower atomic density 

In Table II the densities of atoms along the principal atomic directions are 
tabulated, together with the letters designating these directions The directions 
of highest (linear) atomio density are the p, q, r directions and the next m 
order are the l, m, n directions. 
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Miller! an 
indioes 
of 

Designation 

Contained 

directions 

Density 
(atoms per 
lattioe 
parameter)* 

Relative 

density 

111 

0 

P.V.r 

2 43 

0 88 

Oil 

P 




101 

Q 


)■ 2 76 

1 00 

llo 

R 

o, c, n 

J 


Ill 

U 


1 


111 

V 

q, n, l 

2 27 

0 82 

111 

W 


J 


100 

A 

P, l, b, c 

1 


010 

B 


^ 2 00 

0 72 

001 

C 

r, n, a, b 

J 


Oil 

L 

p, a 

1 


101 

M 

9. b 

V 1 45 

0 52, 

110 

N 


J 


ill 

_ 

o, p 

1 


121 



y i so 

0 58 

112 


o.r 

J 

1 


Table II 


Amended 

Millenan indicos 1 

j Designation 

Density 
(atoms per 
lattioe parameter) 

Relative density 

xyz 

o 

1 10 (mean) 

0 76 

yi 

P 




9 

y 1 45 

1 00 

*y 

r 

J 


x 

a 

i'l 


V 

b 

f 100 

0 69 

yz 

l 

h 



m 

r 138 

0 95 

xy 

n 

J 



Object of Experiment —From a consideration of the planar and linear atomic 
densities, as outlined in Tables I and II, it appeared that the slip plane of 
antimony might be either the 111 plane or the planes of the Oil type From 
previous work on other metals there seems to be little doubt that the tendency 
to slip is a function of the atomic density on the slip plane and of the linear 
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density in the slip direction, moreover, some recent experiments* have 
indicated that the latter is perhaps the more important factor On these 
grounds, therefore, it might be anticipated that the lower atomic density on the 
111 plane, as compared with the density on planes of the Oil type, would be 
compensated by the higher linear density m the p, q, r directions contained 
by the 0 plane, as compared with the linear density in the l, m, n directions 
contamed by the P, Q, R planes 

It appeared, therefore, of primary importance to determine the slip plane 
and, if possible, the slip direction also 

From the results of a preliminary experiment on a specimen of antimony 
consisting of several large crystals, it was concluded that, m antimony as in 
zinc, mechanical twins were produced by the action of alternating torsional 
stresses, and fairly definite evidence was obtained as to the type of the twinning 
plane A secondary object of the mam experiment, therefore, was to check 
this conclusion both as regards the production of twins and as to the identity 
of the twinning planes 

Choice of Specimen and Stressing System —For these very general objects 
of research no particular orientation of specimen was more desirable than any 
other, and in any case, at the tune of the inception of this experiment, one 
single crystal bar only was at the authors’ disposal 

The choice of stressing system was at once more critical and more under the 
authors’ control Practically any type of stressing should suffice to show the 
slip plane, though if more than one slip plane were found to exist, the stressing 
system should preferably be such as to cause slip on as many Blip planes as 
possible 

Direct evidence as to the direction of slip could only be obtained by tests in 
which marked change of shape occurred, but fairly definite evidence can 
usually be obtained from tests in which very little plastic deformation takes 
place by comparison of the distribution of slip with the distribution of shear 
stress resolved on the slip plane in the probable slip directions Observation 
of twins and determination of the twinning planes, however, are most easily 
made on specimens in which very little distortion has occurred 

In view of all these circumstances, alternating torsional stresses appeared 
to be the system most generally satisfactory, and the choice was finally decided 
by the fact that specimens for this type of test are relatively easy to machine 

Preparation of Specimens, etc —The single crystal (reference mark SI) 

* Taylor and Elam, 1 Roy Soc Proc A, voL 112, p 337 (1926), Gough, ‘ Roy Soo 
Proo ,' A, vol 118, p 498 (1928) 
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used m the present experiment was prepared from the liquid —by the Bridgman 
method--and was f inoh diameter and 7 inches in length Of this total length 
only 2£ inches was truly single crystal, the remaining portion being composed 
of several large crystals Two specimens were machined from tlus bar, one 
from the single crystal portion (reference mark S IB) and the other from the 
remaining portion (reference mark SIA), both to a cylindrical form, 0 35 inch 
diameter and 0 7 inch in length with enlarged ends (joined by transition curves) 
of diameter 0 5 inch, the total length of each specimen being 2 9 inches 
Reference marks on the enlarged ends were provided for the purpose of measure¬ 
ment of twist Extreme care was found to lie necessary m machining these 
specimens, as tlio material tended to chip, and < ven with the extremely fine 
cuts that were taken (0 001 inch maximum) the position of the 111 plane was, 
after machining, quite well di fined by the holes left where the material at the 
edge of this plane had been (hipped awa) , this remark applies especially to 
the smgle crystal specimen, but the effect was noticeable also m the case of 
the other specimen 

After machining, the specimen S IB was etched and then X-rayed , but the 
X-ray photograph obtained showed that deeper etching was necessary to 
remove the layer distorted during the turrnng operations The specimen was 
ac< orclingly etched more deeply and then again X-rayed , but the result v, as 
still not entirely satisfactory and the specimen was subjected to a further 
light polish and etch The X-ray photograph then obtained being deemed 
sufficiently good, the specimen was given a metallurgical polish prior to test 
Even aftei this continued etching and polishing (by which the mean diameter 
was reduced to 0 34 inch), the chipping at the edges of the 111 plane was still 
very noticeable In addition, the cross section at the centre of the test portion 
was reduced to a roughly elliptical section, the maximum and minimum 
diameters being about 0 347 inch and 0 327 inch respectively , the mean 
diameter being 0 338 inch The surface of the specimen was thus something 
in the nature of a hyperboloid of one sheet 

Fig 3 is a stereographic diagram showing the orientations of the principal 
crystallographic planes and directions relative to the specimen axis and to the 
reference mark on one of the enlarged ends of the specimen S IB , these 
orientations were determined by correction of values obtained by the final 
X-ray analysis, the corrections being made on the assumption that the lattioe 
structure was of the form stated by Ogg and by James and Tunstall The 
spherical co-ordinates of the principal planes and directions are tabulated in 
Table III 
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Fro 3 —Steroographio Diagram showing position of principal Planes 


Preliminary Tests on SIA -The specimen S IA was used as a guide both 
as to the stresses the material was capable of supporting and as to the mode 
of deformation to be anticipated 

The specimen was plaoed m tho alternating torsion machine with the intention 
of subjecting it to a range of nominal shear stress of ± 0 5 ton per square 
inch , the specimen, however, fractured during the process of “ loading-up ” 
when this stress was little more than ±04 ton per square mch The fracture 
was very complete, the mam fractures being approximately parallel and per¬ 
pendicular to the axis of torsion , there were some distmot cases of inter- 
crystalline failure, but m the mam the fractured surfaces appeared as cleavage 
planes, which were divided sharply into two types Actually the fracture was 
such that the whole parallel portion was disintegrated into three mam portions 
and numerous splinters, although when first removed from the machine the 
pieces were more or less locked together m the manner of a jig-saw puzzle 
This complete disintegration, however, may have been due to the “ hammering ” 
action to which the specimen was subjected, while the machine was slowing 
down after the real fracture had occurred 
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Examples of the appearance of the two distinct types of cleavage planes are 
shown m figs 10 (PI 7) and 12 (PI 7) There can be no confusion as to 
which class any true cleavage belongs, for, even to the unaided eye, the two 
types of surface are easily distinguishable, the appeal am e of a surface such as 
is shown in fig 12 being very muoh brighter than such a surfaoe as in 
fig 10 

The straight bands apparent in fig 12 make with each other angles that 
are indistinguishable from 60°, moreover, these bands are clearly all of the same 
type Now the only plane of antimony having this trigonal symmetry is the 
plane 0 perpendicular to the trigonal axis , the cleavage plane shown in fig 
12 and all other cleavage pianos of this type must therefore be planes of 
the type 111, quite independently of the exact nature of the straight bands 
themselves 

From the actual appearance of the straight bands it is reasonable to suppose 
that these bands represent the traces of twins on the 0 plane If this is so it 
should be possible by observation of the change of direction of one twin where 
it crosses another to deduce the identity of the twinning plane In fig 12 
the traces of one twin within another are too short to permit of very accurate 
measurement, but it may be seen that approximately such traces divide the 
angle between the directions of the two twins concerned It may be shown that 
this indicates that the twinning planes are planes of the type Oil 

Assuming that the traces observed m fig 10 are the traces of the twin 
mng and cleavage planes, it appears that the plane of fracture is such that the 
intersections on it of two of the twinning planes make equal and opposite 
angles with the intersection of the O plane It is easily shown that the 
necessary and sufficient condition that a plane should have this property is 
that the plane should contain one of the directions p, q, or r , and it appears 
further that on such planes the traces of the third twinning plane coincide with 
the traces of the 0 plane The absence m fig 10 of a fourth independent 
trace representing the third twinning plane was regarded as fairly definite 
evidence that the piano of fracture shown was of the above type, i e , of the 
type all, lal or 11a, where a may have any value whatsover 

The principal planes of this type are the 111, 110, 111 ll2 types of plane 
A comparison of figs 12 and 10 shows that the plane of fracture in 
fig 10 is not of the 111 type The angles between the intersections of the 
twinning planes and the intersection of the 0 plane on the remaining planes 
are as follows on the 110 plane ± 36 0°, on the 111 plane ± 32 0°, and on 
the 112 plane ± 33 5° The actual angles in fig 10 are almost exactly 
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± 36°, so that it appears that the second cleavage plane is actually the 
twinning plane 

On the surface of this specimen after test very few markings were visible, 
and, since the orientations of the principal planes were not known, no 
deductions could be made as to the planes represented by the observed traces 
It is sufficient, therefore, to remark that the appearance of the few marks 
observed on the surface was very similar to the appearance of the marks 
subsequently observed on the surface of S IB after test 

From this preliminary experiment it appeared probable that the cleavage 
plane (and hence, probably, also the slip plane) of antimony would prove to 
be the 111 plane and that twins would be formed on planes of the type Oil, 
101 and 110 It was also expected that the twinning planes would prove to 
be secondary cleavage planes 

Strtss Analysts of Anti atony Single Crystal {S IB) * 

Resolved Shear Stress —The equations to the shear stresses on the principal 
crystallographic planes resolved in the principal atomic directions contained 
by each plane were evaluated, using the co ordinates deduced from the cor¬ 
rected X-ray analysis The stress equationf is of the form S r />S — A cos (X—a) 
where 

S f = value of resolved shear stress, 

S = no min al maximum shear stress on the specimen 

X = 2T/itr 3 (T the applied torque and r the radius of the cross section of 
the specimen), 

and where A and a are constants depending upon the orientations of the 
plane and direction considered 

In Table III the values of A and a for the particular planes and directions 
considered are tabulated, and m fig 4 the values of S r /S on some of these planes 
have been plotted against X In fig 4, as elsewhere, the capital letter repre¬ 
sents the plane and the sndall letter the direction of the resolved shear stress , 
this notation is in accordance with previous work 

* The actual stresses upon the various orystallographic planes must have been to some 
extent modified by the actual shape of the test portion of the specimen , but it was not 
practicable to make any estimate of the nature or extent of this modification In any 
case it is not considered that this modification can have been serious, so that the ordinary 
stress analysis as for a circularly cylindrical specimen is used as a sufficiently good 
approximation. 

t See ' J Inst Metvol 36, pp 185-187 (1026) 
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Values of \ 9 

Fio 5 —Curves of Normal Stresses on Principal Planes 
Traces of Planes —The slopes of the traces of the principal planes were 
calculated and are expressed graphically m fig 6 
* Loo cut 
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Fig 6 —Slopes of Traces of Pnnoipal Planes 


Table III Spherical Co-ordinates and Stress Equation Constants 


Plane Constants in resolved shear 

stress equations 
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Record of Tests on the Specimen S IB (Single Crystal ).—A record of all 
the tests made on the specimen 8 IB is given in Table IV below The twists 
recorded are reckoned positive when anti-clockwise and m every case denote 
the twists occurring in each individual test 


Table IV —Record of Tests 


Number 

of 

test 

| Range of 

| nominal 

shear stress 

Number 

of 

Permanent twist 
occurring 
dunng test 

'J reatment 
pnor to 
next test 

1 st 

2 nd 

3rd 

4th 

6 th 

! ton per square inch 

_t0 l 61,000 

L0 3 64,000 

1-0 3 3 6x10* 

±0 3 7 0X10* 

Fractured completely (while loading to 
±0 6 ton per square inoh 

-0 7 
+3 1 
+0 5 

±0 6 ton per square 

I_1 

None 

Re polished 
Repolished 

> inch) at about 

_ 


After each test the surface of the specimen was carefully examined in a 
metallurgical microscope, a survey made of all visible surface markings, and 
representative photo-micrographs were taken The apparatus used both for 
the visual examinations and for obtaining the photographio records has been 
desonbed very fully in a previous paper (loo cit ) As in previous reports, X 
represents the angle subtended by the reference plane (containing the axis of 
the specimen and the reference mark on one of the enlarged ends) and the 
point on the surface to which reference is made Slopes of traces of planes, 
m the photo-micrographs as elsewhere, are reckoned positive and negative 
in the anti clockwise and clockwise senses respectively 
Features exhibited by Microstructure of the Specimen S IB —After the first 
test (51,000 reversals of ± 0 1 ton per square inch) there were apparent on 
the surface of the specimen two mam features firstly, a series of fine straight 
fines nearly parallel to the axis of the specimen, and secondly, two senes of 
twin bands, the slopes of which varied between wide limits After the 2nd 
test (54,000 reversals of ± 0 3 ton per square inch) the same features were 
observed in greater profusion, together with indications of a third series of 
twin bands , in addition, several senes of regular marks were observed within 
the twinned structures Pnor to the third test (3 5 x 10® reversals at ± 0 3 
ton per square inch) the specimen was repolished, and after this test the same 
features were again apparent on the surface All three sets of twin bands were 
easily measurable, and the two sets whioh appeared after the first test were now 
observed at nearly every value of X, The fine straight fines were also apparent 
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over the greater part of the surface and m one or two cases were readily 
identifiable as cracks In addition, within the two main sets of twin bands 
there were observed three main features that corresponded exactly with the 
three mam features {i e , cracks, fine, straight hues and twin bands) apparent 
on the untwinned portions of the specimen Pnor to the fourth test (7 0 X 10 s 
reversals at ±0 i ton per square inch) the specimen was again repohshed , 
but the most definite of the marks previously identified as cracks were not 
rendered entirely invisible by this treatment After test, these marks were 
very carefully examined for any sign of extension , but in this respect, as m 
all others, the appearance of the surface of the specimen was exactly the same 
as its appearance immediately before the test, no fresh marks of any kmd 
being observed 

It was intended, in the fifth test, to subject the speoimen to a range of stress 
of ± 0 6 ton per square inch , but during the process of loading up the speci¬ 
men fractured completely when the range of stress was still less than ±05 
ton per square inch Complete fracture parallel to one plane occurred m the 
test portion and another complete fracture parallel to two planes occurred 
across one of the enlarged ends within the collar holding this end m the chuck 
of the testing machine The appearance of the cleavage planes was similar 
to the appearance of the cleavage planes of the specimen 8IA, the plane of 
fracture in the test length being of the type shown m fig 10 (PI 7) and the planes 
of fracture m the enlarged end being one of the type shown m fig 10 and 
one of the type shown m fig 12 (PI 7) The fraoture in the test length was subse¬ 
quently found to be parallel to the twinning plane L, and the two fractures 
in the enlarged end were found to be parallel to the planes 0 and N respectively 

The surface of the speoimen after fracture exhibited a few twin markings^ 
mainly in the neighbourhood of the fracture Some of the cracks previously 
observed were again apparent and further photographs wero taken to compare 
with those taken before test Photographs were also taken of the several 
cleavages (figs 11 and 13 (PI 7) 

Discussion of Features Exhibited by Microstructure —The slopes of the fine, 
straight hnes on the untwinned portions of the specimen (and of the similar 
marks later recognisable as cracks) agreed closely with the calculated slope of 
the trace of the 111 plane (O) of the original structure The observed slopes 
of the primary twin bands agreed with the calculated slopes of the traces of 
tiie planes 110, 011 and 101 (N, L and M), the twins formed on the planes N 
and L being very much more numerous than those formed on the plane M 
The slopes of the fine straight lines (and of the subsequent cracks) within the 
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twinned structures agreed closely with the calculated slopes of the traces of 
the 111 planes of the twinned structures The observed slopes of the secondary 
twin bands within the primary twins agreed with the calculated slopes of the 
traces of the planes of the type 011 of the particular twinned structure concerned 
The distribution of the primary features after each test is shown in fig 7, 



Flo 7 —Diagram showing recorded values o 1 the slopes of twin bands and other surfaoe 
mftAinp observed within the primary structure of the crystal. Full circles refer 
to twin bands , open oirtlee to fine lints or oraoks. 

(a) After first test, (6) after second test. (e) after third test 
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in which the readings of the slopes of the fine lines and of the twin hands are 
recorded as open and closed dots respectively, upon curves representing the 
calculated traces of the planes 0, L, M and N , the small experimental errors 
have been neglected m preparing these diagrams 

The distribution of the secondary features after the third test is shown in a 
similar manner in fig 9 This distribution was not sufficiently systematic 
to be of much theoretical interest, naturally it is largely dependent upon the 
distribution of the primary twin bands 

Traces of the Plane 0 ~ -The fine, straight lines observed m all the tests were 
identified beyond all doubt as traces of the 111 plane of the original structure 
Their distribution, particularly in the earher tests (cf fig 7 (a) ), was roughly 
in accordance with the expected distribution of shp bands deducible from the 
shear stress analysis (fig 4) Thus in fig 7 (a) which represents the marks 
observed after the first test, it will be seen that the fine lines were centred 
about X = 25° and X = 206°, while from fig 4 it will be seen that the points 
of maximum resolved shear were at X = 3° and X = 183° The agreement is 
not sufficiently good to provide definite evidence as to the mode of formation 
of these fine lines , but by analogy with previous work it seems probable that 
they are formed as a result of the shear stresses resolved on the 0 plane in the 
p, q and r directions This hypothesis is supported by the results of all the 
tests in that, in each case, there are gaps centred about X = 93° and X — 273° 
corresponding to the mimma of the resolved shear stress curves 

The fine lines, however, had not the appearance of slip bands , rather, they 
appeared as very fine cracks without the continuity and regularity of spacing 
usually associated with true shp The characteristic appearance of the lines 
is illustrated by fig 15 (PI 8) In the third test some of these lines 
developed into cracks that were easily recognisable as such, and it is not un¬ 
reasonable to suggest that the hues observed in the earher tests may also have 
been cracks, though they were not directly identifiable as such If this were 
the case, we have in antimony a material m which shp apparently does not 
occur, and the mode of failure under static stressing would seem to be of con¬ 
siderable interest 

Twin Bands —The presence of twin bands in the surface of the specimen was 
made apparent by a difference m lustre (under normal lighting) and/or by the 
presence of regular marks within the twins Where the difference in lustre was 
slight and the marks within the twin faint, the twin bands were often difficult 
to see, but in these cases the twins could often be made more apparent by 
being thrown out of focus 
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The twin bands observed were definitely identified as the traces of the N, 
L and M planes In the initial test, twins on the N and L planes only were 
observed, and m the final tests the twins on these planes were very much more 
numerous than the twins on the M plane thus from fig 7 (c) it will be seen 
that after the third test (3 5 X 10 # reversals at ±<13 ton per sq inch) 
twins on the planes N and L were observed at practically every value of X, 
whereas twins on the plane M were observed only in the ranges X = 0° to 
40° and X — 180° to 210° Now, of the three possible twinning planes, the 
plane M alone contains the direction, which, according to shear stress con¬ 
siderations, should be the direction of deformation on the 111 plane 

In a previous paper* op the deformation of a single crystal of zinc, the authors 
recorded the fact that of the six possible twinning planes (of zinc) the actual 
planes of formation of twins at any point never included the pair that contained 
the slip direction at that point, this fact has since been confirmed in the case 
of /me bv the results of further experiments 

The predominance of N and L twins over M twins in the present experiment 
may be regarded as another example of the same phenomenon, although the 
evidence is not consider! d to be conclusive In view however, of the suggestion 
made in the previous paperf as to the possible effect of the normal stresses 
on the twinning planes, it should be noticed that the maximum normal 
stress on the plane M was very much lower than the maximum normal stress 
on either of the planes N or L, but it should also be remarked that, while 
at X — 72° (and 252°) (cf fig 5) the normal stresses on all three twinning planes 
were practically equal, no traces of M twins were observed at either of these 
vilues of X, though both N and L twins were recorded J 

Of the N and L twins the former were slightly more numerous, and in the 
regions X — ft) 0 to 90° and X 2 30° to 270 *, twins on the plane L were very 

few indeed If, in accoidance with the deductions drawn from the experi¬ 
ments on /me, twinning is a direct lesult of deformation on the cleavage (or 
slip) plane, no twins would be expected to be formed in regions where deforma¬ 
tion on the cleavage plane was not evidenced by the presence of the fine 
straight lines Thus, referring to the examination after the third test (fig 7 (c)) 
it seems that twins would not have been expected to appear in the neighbour¬ 
hood of X = 90° and X ~ 270° (corresponding approximately also to the 
* ‘ Roy Soc Proc A, vol 123, p 143 (1929) 
t Loc at 

{ At these values of X the traces of the N and L planes have the same slope (hg 0) 
One typo of twin could, however be distinguished from the other bv the sense of the 
change of slope occurring in the field of the microscope 
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points of minimum resolved shear stress on the 111 plane) That twins do 
appear in these regions may bo due to the “ overrunmng ” effect proposed in 
the case of zinc,* and the predominance of N twins over L twins in these 
regions may be caused by some factor iffccting the relative tendencies of each 
tj pe of twin to overrun 

It is therefore suggested that the phenomena of mechanical production of 
twins, as observed in the present experiment, are in many ways analogous to 
similar phi nomi ua observed in the < ase of zinc , and that the hypothesis 
proposed to account for om set of phenomena will, reasonably, account also 
for the other set 

The present experiment definitely confirms the conclusions drawn from the 
results of the previous experiment (on the specimen SIA) as to the type of 
the twinning planes, and it is regaided as established that the twinning planes 
of antimony are of the 110 type 

Strut Jure within thi Turn Perhaps the most interesting feature of the 
present expi nment is the wealth of detail observable within the primary twin 
bands Not only fine lines and cracks (corresponding to the fine lines and 
tracks on the original structure), but secondary twin bands also, wore observed 
within the primary twins, and tht correlation of the directions of these 
secondary lines and bands with the theoretical directions of the cleavage and 
twinning planes within the twins yielded valuable corroborative evidence as 
to the types of the planes on which these deformations occur 

Before entering upon the discussion of the marks observed within the twins 
it is necessary to extend the notation already described to include the crystallo¬ 
graphic planes and directions belonging to the twinned structure 

This is convemently done by denoting each plane and direction of thi 
twinned structure by the same letter as w r as used to denote the corresponding 
plane or direction of the original structure and adding as a suffix the letter 
denoting the primary twinning plane Thus 0, denotes the 111 plane of the 
structure twinned on the plane L, M„ the 101 plane of the structure twinned 
on the plane N, etc It should be noticed that by this convention each 
twinned structure is a mirror image of tlie original strut tun in the particular 
twinning plane concerned, and, as a result, the sense of the structure (or rather 
of the notation) is reversed 

Fig 8 is a stenographic diagram of the structure of a single crystal of 
antimony (with the trigonal axis as pole) and of the three structures formed by 
twinning on the planes L, M, N of the original structure The conventions 
* Loo ett 
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bio 8—Stereographs Diagram showing Positions of Twinned Plums (All twmne<l 
planes should be preceded by a negatn o sign ) 

and notation are as explained above The calculated slopes of the traces of 
the planes 0, L, M and N for the three twinned structures are shown in fig l ) 



Fig 9 —Diagram showing recorded values of slopes of suifuiw muiks within the twinned 
structures O refers to hnt lines 01 t racks , • to secondary tw in bands 


After the first test (51,000 reversals of ± 0 1 ton per square inch) the twins 
observed on the surface of the specimen did not contain any internal marks 
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After the second test (54,000 reversals of ± 0 3 ton per square inch) the 
majority of the twins still lacked internal detail, but, at various points, there 
were observed within the twins fine lines very similar m appearance to the fine 
lines observed in the original structure, although shorter and less definite m 
direction The appearance of the twins in a typical region is shown m fig 14 
(PI 8), while fig 16 (PI 8) shows their appearance where no internal marks 
were observed In fig 14 the twins shown are formed on the plane N 
and the agreement of their directions with the calculated slopes of the trace of 
this plane is evident but, m addition, it is clear that the fine lines within 
these twins agree in direction with the slopes of the trace of the 111 plane of 
the twinned structure It was concluded therefore, that these fine lines 
were exactly analogous to the fine lines observed m the original structure 

After the third test (1 5 X 10® reversals of ± 0 3 ton per square inch) the 
above conclusion as to the nature of the fine lines within the twins was fully 
confirmed , figs 18, 19, 20, 26 and 28 (Plates 9, 11) afford ample proof of the 
identity of the fine lines and cracks within the twins with the traces of 
the O planes of the twinned structures In one or two cases, however, the 

lints ” tended to follow the direction of the twins themselves (this effect 
is shown in figs 22 and 21 PI 10) , but in these cases the lines were definitely 
recognisable as cracks 

At this stage there were also observed within the primary twins, secondary 
twin bands that were found to agree in slope with the traces of the twinning 
planes of the twinned structure This agreement is illustrated in figs 17 (PI 8), 
18 and 21 (PI 9) (Fig 21 also serves to illustrate a number of twins of 
the type M, which were observed only in this and in the complementary 
region ) 

In one or two photographs, particularly in fig 26 (PI 11), small portions of the 
fane hnes may be observed parallel to the trace of the O m plane In the region 
of fig 26 (X = 31°) M twins were actually recorded , but even where no M 
twins were observed there are very short traces parallel to the O m plane 
These latter may have been due either to the presence of small M twins in the 
original structure, or more probably to the production of small twins on this 
plane by the stresses set up m the neighbourhood of the original fine bnes 

Cracks —In addition to the fine lines that were observed on the surface of 
the specimen after every test, there were apparent after the third test 
(3 5 x 10® reversals of ± 0 3 ton per square inch) a number of definite cracks 
following several fairly well-defined directions, being parallel either to the traces 
of the 0 plane or to the traces of the twinning planes either of the original or 
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of one of the twinned structures In fig 28 (PI 11) a crack is shown which 
follows the directions 0 of the original structure and the directions O t , O m and 0„ 
of the structures tw inned on the plane L, M and N respectively The strong 
resemblance in everything but in size between the main track and the fine lines 
surrounding it tends to show that the fine lines are themselves small cracks 

Two cracks are shown in figs 22 and 24 (PI 10) where the mam direction- 
are parallel to the traces of the O and N planes Both photographs are 
particularly interesting in that the cracks shown were not obliterated by the 
repolishing of the specimen prior to the fourth teat After this test (7 0 X 10 s 
reversals of ± 0 1 ton per square inch) these cracks were again photographed 
as nearly as possible in the same position These photographs are repro¬ 
duced in figs 23 and 25 (PI 10), and by comparison with figs 22 and 21 
(PI 10) it will be seen that the changes in appearance were negligible A 
comparison of fig 25 with fig 24 affords a decisive test of the similnritv 
of the cracks before and after the fourth tost In hg 24 the <nd of that 
portion of the crack which follows the direction of the N twin can bo dis¬ 
tinguished fairly clearly about t 5 ems from the kink in the middle 
of the photograph , in fig 25 this same end can just be seen at the same 
distance from the kmk These two photographs, therefore, provide definite 
evidence that the cracks formed during 3 5 X 10® reversals of a range 
of stress of ± 0 3 ton per square inch, did not extend during a further 
7 0x10® reversals of the same range of stress , this is remarkable m view of 
the extreme “ fine-ness ratio ’ of the crack and of the brittle ” nature of 
the material 

After the fifth test in which complete fracture occurred these two cracks 
were again examined, and it was found that they had just joined Sufficient 
photographs were taken to make a panorama of the complc te crack , this 
panorama served also to illustrate the mam directions followed by all the 
cracks both in the original and in the twinned structures 

Distribution of Cracks —The distribution of such recognisable cracks a- 
were mainly parallel to the (> plane was roughly m accordance with the 
distribution of resolved shear streas, thus the crack shown in figs 21 
and 25 occurred at X = 32° On the other hand, the cracks which followed 
in the main the edges of the- twins could not be expected to bear any 
relation to the resolved shear stresses and appeared to bo independent of them 
It appears probable that the intensity of normal stress on the twinning planes 
would affect the propagation of cracks along the edges of the twins 

Final Fracture —Final fracture in the test portion occurred completely 
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ucross the specimen parallel to the L plane , a small portion at the vertex of 
the ellipse thus formed also broke away from the remainder of the specimen 
parallel to the N plane The surfaces of the fractures were not absolutely 
plain, but appeared to be “stepped’ Figs 27 and 29 (PI 11) show two 
views of the edge of the fracture in the test portion From these it can 
bf soon that the fracture as a whole follow id the L direction , but m crossing 
an N twin tended to follow either the L„ or the ()„ direction At other points 
the edge of the fractim while still following the L {or N) direction was 
splintered ’’ parallel to the 0 plane and the edge of the fraiture was thus 
lendeicd very irregulai The apparent stepping of the plane of fracture 
ippeared also to be due to “ splintering ’ parallel to the O plane, and tins 
splintering ” was m Buch a direction as to inereast the inclination of the 
plane of fracture to the axis of the specimen 

< Hi amtjes — Photographs were also taken of the < h a vagi faces after fracture 
and two of these are r«produced in the present lcport, figs 11 and 1 3 (PI 7) 

A eomparison of these photographs with figs 10 and 12 (PI 7) show that 
flu deductions drawn from the results of the preliminary experiment on tin 
spuimen S 1A were fulh justified 

SttHuncn i/ of Results of Exptrimcnts 

1 The speenne n did not deform by ‘ shp and no shp bands were observed 
A number of “ fine lines ” or cracks were, however, observed which corresponded 
to the traces of planes perpendicular to the axis of trigonal symmetry, this 
plane, while not of the maximum atomic density, does contain the three 
puncipal lines of atoms, and hence might bo expected to act as shp plane 

2 The twinning planes of antimony have been identified as of the Oil type 
(making an angle of 52° 37' with the axis of trigonal symmetry), twins were 
observed on all thre c planes (Oil, 101 and 110) of this type 

3 The ‘ mirror imag* 1 nature of the structure within the primary twin 
bands was established bv obsi rvation of secondary twins and other markings 
within the bands 

1 The cracks and fractim faces followed, m general, well-defined crystallo¬ 
graphic planes The first cracks observed coincided with the traces of the 
f 11 plane of the original structure or of the twinned structures, although some 
of the larger cracks tended to < xtend along the edges of the twins themselves 
Final fracture, however occurred by complete cleavage parallel to one of the 
twmmng planes with a small secondary cleavage parallel to another twinning 
plane 
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5 Owing to the fact that no definite slip bands were observed, the nature of 
the dependence of slip on the maximum linear and planar atomic densities 
could not be investigated It is hoped, however, to repeat the experiment on 
a single crystal of bismuth, which is believed to be much more plastic 

The experiment is an item of a general programme of research perfoimed 
for the Engineering Research Board of the Department of Scientific and 
Industrial Research and the Aeronautical Research Committee the authors’ 
thanks are due to tin se bodies for the rescan h facilities afforded and for per¬ 
mission to publish the results 

The crystal of antimony used in the pres* nt * xpenment was prepared bv 
Mr V H Stott, M Sc , of the Metallurgy Department of the N P L , and was 
etched and polished in the same department under the direction of Mr J D 
Grogan, B A , the X-ray analyses were carried out in the Physics Department 
of th* N P L by Mr I Backhurst, M Sc The present uuthors wish to express 
their indebtedness to Mr Stott, to Mr Grogan and to Mi Backhurst for their 
invaluable assistance m these directions 


Further Expennunts on the Behaviour of Single Crystals of Zinc 
subjected to Alternating Torsional Stresses 
By II I Gouch MBK I> Sc , and H L Cox, B \ 
(Communicated b> Sir Thom is Stanton, FRS Rt eon id Tanuary 15, 1910 ) 
LPcatiis 12-15] 

Object of Experiment From the results of a previous experiment"' on a 
single crystal of zinc, it was concluded that the formation of twins m zinc 
occurred on planes of the l()l2 type and that the particular operative twinning 
plane (of the six available) was determined chiefly by the dirntion of slip 
on the origmalf basal plane and possibly, to some extent, by the relative 
magnitudes of the normal stresses on the possible twinning planes In 
this previous experiment the orientation of the crystal was such that slip 
on the original basal plane occurred m one direction only and one pair of 
complementary twins only was observed 
From the results it was predicted that if a test were made on a crystal of 
* ‘ Roy Soo Proc A, vol 123, pp 143-187 (1929) 
t Associated with the initial struoture of the unstrewed crystal 
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suitable relative orientation of the crystallographic and straining axes such 
that all three slip directions became operative, then the operative twinning planes 
should change with the slip direction The present experiment was planned 
in order to test this prediction Again, in the previous experiment, of 
the two possible pairs of complementary twinning planes associated with 
any one slip direction, it appeared probable that the choice of the operative 
pair was influenced by considerations of normal stress on the twinning plane 
The present experiment would, it was hoped, throw further light on this 
aspect of twinning 

For the purpose of such a critical experiment the optimum orientation would 
have been that in which the basal plane was perpendicular to the oxis of 
torsion , all three slip directions would then have been tyunlly involved The 
zinc single crystal bars at our disposal were therefore subjected to preliminary 
X-ray analysis with the object of determining the bar, the orientation of which 
was nearest to the required orientation 

One bar, reference mark Z5, was found in which the normal to the basal 
plane made an angle of about 15° with the axis of the bar Three specimens, 
reference marks Z5A, Z5B and Z5C, were therefore machined from this bar 

Preparation of Specimens, etc - The single crystal bar used in this experiment 
was prepared from the liquid- by the Bridgman method and was $ inch 
diameter and 10 inches in length The X-ray photograph taken at this stage 
revealed clearly-defined reflections free from “ asterism ” effects The first 
specimen, reference mark Z5A, machined from this bar was of a cyhndrical 
form 0 35-inch diameter and 0 75 inch m length with enlarged ends (joined by 
transition i urves) of diameter 0 5 inch, the total length being 2 9 inches , 
reference marks were carefully scribed on the enlarged ends for the purpose of 
measurement Extreme care had to be taken in machining specimens from this 
bar owing to the tendency of the crystal to cleave along the basal plane , 
and, as in the previous experiment, cuts of 0 001 inch were found to lie the 
maximum permissible An X-ray photograph taken after machining revealed 
very little resolution from the concentric rings of a complete “ powder 
pattern, showing, as was expected, that machining had produced severe 
surface distortion The specimen was then deeply etched, but the X-ray 
photograph then obtained was still not satisfactory After further etching 
the specimen was agam X-rayed, and the resolution into spots being now 
considered sufficiently good the specimen was given a metallurgical polish 
pnor to test The mean diameter of the polished surface before test was 
0 340 inch 
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Subsequently two other specimens, Z5B and Z5C, were machined from the 
same bar to a cylindrical form 0 4 inch diameter and 0 6 inch in length with 
enlarged ends (joined by transition curves) of diameter 0 6 inch, the total 
length being 2 8 inches , as m the case of Z5A, reference marks were scribed 
on the enlarged ends The larger diameters and shorter lengths were adopted, 
in order to reduce lioth the amount of material to be removed by machining 
and the tendency of the specimens to fracture across the enlarged ends, as 
the specimen Z5A, which was tested before Z5B and Z5C were put m hand, 
had fractured m this wav As a further means to avoid this type of failure 
special split collars for cach uul of e-ach specimen were carefully machined to 
fit closely over the enlarged ends and to be a good sliding fit m the chucks of 
the machine m which the tests were made 
Both the specimens, Z5B and Z5C, were then deeply etched and X ray photo¬ 
graphs were taken , these photographs being satisfactory as regards definition 
of the spots, the specimens were given a metallurgical polish prior to test 
The mean diameters of the polished surfaces before test were 0 894 inch in 
the case of Z5B and 0 388 inch m the case of Z5C 

The stereographic diagram of fig 1 shows the orientation, referred to the 



Fig I —Stereographic Projection showing Positions of Principal Planes and Twinned 
Positions of Basal Planes 

specimen axis and to the reference mark on the enlarged end of the specimen, 
of the principal crystallographic planes of the specimen Z6B, as determined 
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from the corrected X-ray analysis The spherical co-ordinates of the pnnoipal 
planes of this specimen are listed in Table IT 
Record of Experiments - All the specimens were tested under alternating 
torsional couples Details of all the tests arc given in Table I below The 
tvysts tabulated are the relative angular movements of the reference marks 
on the enlarged ends occurring during each particular test, the anti-clockwise 
sense is taken as positive 

Table I 


Rungo of 

. Number sheai Number of 

Specimen q{ ^ stroaf) [ reveraa )„ 

tons per | 
square inch 


/5A 1st I -fcO 5 23,000 

/5A 2nd tO 8 I 2H 400 

/5A 3rd 10 8 1 0 10 10* 


1st | +0 5 38,000 

2nd 1.0 H I 25 700 

3rd 1 0 8 0 02 * 10* 


/6B 4th failed during loading 

/ r >f 1st 10 8 I 0 2(1 10® 


/All 

Z511 

7,511 


Permanent 

produced History and treatment 
during | pnor to next test 
individual i 


None Rc polished 

— 13° Re polished 

f-2 1° Fractured across enlarged 

end Measurement of 
twist only approximate 
owing to the specimen 
being bent 

Nom — 

—0 S’ R< polished 

{ 1 8“ Polished and etched for 

! examination and finally 
| repohshed 

— i Fractured in test length 

iraoturcd across enlarged 
i end 


After each test the surface of the specimen concerned was very carefully 
examined m a metallurgical microscope using a 4 mm Apochromat objective 
(Zeiss) The apparatus used for this purpose has been described very fully 
m a previous paper’" , as before, X represents the angle subtended by the 
reference plane (containing the axis of the specimen and the reference mark on 
the enlarged end) and the point on the surface considered A number of 
representative photomicrographs were taken and some of these are reproduced 
ui the present report In all the photographs of the surface of any specimen, 
the vertical black hue is the line of zero slope used for measurement of the 
slope of the slip bands or twin markings , positive and negative angles are 
measured, respectively, anti-clockwise and clockwise from tfus datum line 
Conventions and Symbols The conventions and symbols used m the previous 


Roy Soc Proc ,’ A, vol 118, p 498 (1928) 
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experiment* have been adhered to throughout, save that, m Table II, and 
subsequently, the twinning planes p„ a , p x ~ z , p„ 8 , etc (which m the previous 
report were called T 3 , T\ T', etc ), have been renamed T e , T,', T„ etc , and 
in accordance with this alteration, B x , BJ, B y , etc, in the present report 
denote the basal planes belonging to the structures twinned on the planes 
T r T/ T„, etc , respectively 


Stress Analyses of Zinc Singlf Crystals Z54, Z5B and Z5C 
Iti voiced Shear Strew The equations to the shear stresses on the principal 
crystallographic planes resolved m the direction of the primitive lattioc 
direction (s) contained by the planes were evaluated for each specimen The 
stress < quationt is of the form 

R r /S A cos (> a) 

v hi re S f _ value of rc solved shear stn ss at suifaa of specimen 
S -■= nominal miximum shear stress at surface of specimen 
X = angular distance of point considered from reference plane, 

and where A and a are constants 

Since the three specimens were cut all from the same bar, the 0 co ordinates 
of corresponding planes were effectively the sam< in each specimen, the tj; 
co-oidilutes differing by constant amounts For the same reason the con¬ 
stants ‘ A ” (in the stress equations) did not diffei appreciably for different 
specimens, while the constants “ a ” differed by the same constant difference 
as the ‘ 4* ” co-ordinates For this reason, m Table II below, the spherical 
co-ordinates and the values of A and a for the principal crystallographic planes 
have been tabulated for the specimen Z5B only 
In fig 2, the values of S f /S have been plotted against X for the following 
crvstallograplue planes of Z5B 

Basal plane (B) 

First order prismatic planes (P x , P„ P„) 

Second order prismatic planes (P vt , P«, P IV ) 

First order pyramidal (two) planes (p. 2 , p x ~ 2 , p v 2 , p v ~ 3 , p,“ 8 ) 


* ‘ Roy Soo Proc ,’ A, vol 123, pp 143-167 (1929) 
t See ‘ J In*t Metvol 36, pp 183-187 (1926) 



Table II —Spherical Co-ordinates and Stress Equation Constants for specimen Z5B 
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pvmmidtl (two) 
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The diagram shows that, from considerations of resolved shear stress, ull 
three slip directions on the basal plane are involved, the ranges of X over 
which each resolved shear stress is greater than either of the other two being 
approximately equal 

Nmmal stress —Using the equation* 

N/S - sin 20 P sin - X) 

wheie N is the normal stress on the plane whose spherical co ordinates are 
(0 s y,,) and where S and X are as previously defined, the values of the ratio 
N/S were evaluated for the basal and first order pyramidal (two) planes of tht 
specimen Z5B In fig 6 these values are shown plotted against X 

Tiaces of Planes -The slopes of the traces of the principal < rystallographic 
planes of the specimen Z5B were calculated from the X-ray analysis and are 
expressed graphically in fig 4, the convention of sign of slope being as defined 
above 

Diagrams for Z5A and Z50 —Figs 1, 2, *1 and 4 and all diagrams for Z5B, 
in which values of X are used as abscissae, apply equally to the specimens Z5A 
and Z5C, if, to the values of X for Z5B, there is added 126 5° in the case of 
Z5A and 270° m the case of Z5C A similar alteration may be made to Table 
II, the values of and a only being affected 

* See ‘ J Inst Met,’ loc ett 



Fig 4 —Mopes of Traces of Principal Crystallographic Pianos 
(In figs 2-4, x, y, and 2 denote the operative slip direction over the area indicated ) 

F eatuies Exhibited by Micros!mature —The features exhibited by the micio- 
structnre of each specimen after toBt wereal ways of two distinct types (1) a 
closely spaced system of slip bands nearly perpendicular to the axis of the 
specimen, (2) six distinct sets of twin bands agreeing very closely with the 
traces of the first order pyramidal (two) planes In the later stages of test 
on the specimen Z5B there appeared a third feature, a series of long, black 
lines nearly parallel to the axis of torsion and extending the whole length of 
the specimen It appears convenient to discuss briefly the appearance of < n< h 
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specimen after each test, and subsequently to review the results as a whole 
both in relation to the predictions made from the results of the previous experi¬ 
ment and with regard to any further conclusions that may be drawn 
Specimen Z5A —-The examination of the surface of Z5A before test revealed 
a few isolated maiks havmg the general appearance of twin bands While 
these bands were too famt to be directly identifiable as tains, their direction 
in every case agreed well with the calculated slope of the trace of one of the 
six twinning planes It was therefore concluded that these marks were twins 
produced probably m the process of machining and not entirely removed by the 
subsequent etching and polishing processes The appearance of these twins 
before test is of some value in that it shows that the many more numerous 
twin bands recorded after test were indeed produce d by the alternating torsional 
stresses, and were not present in the specimen before the t< sts w ere commc need 
In figs 5 (a), (6) and (c) are plotted the calculated slopes of the traces of 
the slip and twinning planes of the specimen Z5A The vertical lines at 
X = 22°, 86°, 148° (and corresponding positions) divide these diagrams at tho 
points where, according to shear stress considerations the slip direction on the 
basal plane should c haugc from one primitive direction to another For all 
values of X between any two such vertical lines one slip direction only should 
be concerned , each range is therefore marked with the particular slip direction 
involved Since the stresses applied to the specimen were alternating stresses, 
no distinction is made as to the sense of these directions 

On fig 5 (a) are indicated the positions and slope of the slip and twin bands 
apparent on the surface of the specimen after the first test (25,000 Teveisals 
of ± 0 5 ton per square inch), the readings being recorded by full black dots 
m the ease of twin bands and Ivy open dots in the ease of slip bands The 
actual readings observed differed from the calculated values by small amounts 
not exceeding ± 2° , these small differences have been neglected in preparing 
the diagram In the same way the slip and twin bands observed aftci the 
second test arc shown m fig 5 (6) and after the third test (m which frat ture 
occurred) in fig 5 (r) Details of these tests are given in Table 1 
Specimt n Z5B —In figs b (a), b (b) and 6 (c) are plotted the calculated 
slopes of the traces of the slip and twinning planes of tho specimen Z5B The 
vertical hnes at X = 22°, 76°, 139°, 202°, 256° and 319° divide these diagrams 
into regions within each of which the slip direction is constant and each region 
is marked with the appropriate letter denoting tho slip direction concerned 
On fig 6 (a) are shown the slip and twin bands apparent on the surface of 
the specimen after the first test (38,000 reversals of ± 0 5 ton per square 



Fig 5 —Diagrams showing Position of Slip Bands and Twins 

inch), on fig 6 (6) those recorded after the second test and on fig 6 (c) those 
recorded after the third test Details of all the tests are given m Table I 
After the third test on this specimen, m addition to the slip and twin bands, 
there appeared on the surface a series of longitudinal marks (see fig 13) extend¬ 
ing the whole length of the specimen The appearance and nature of these 
marks are discussed separately below After the fourth test on this specimen, 
in which fracture occurred before the required stress range had been reached. 
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Fio 0 —Diagrams showing Positions of Slip Bands and Twins 


the surface showed only a few isolated twins, which may have been formed 
during or after fracture , no record of these twins is therefore given The 
longitudinal marks observed after the third test were, however, again observed 
after the fourth test, and these, together with the appearance of the slip bands 
after fracture, are discussed later 

Specimen Z5C —This specimen fractured across the enlarged end before the 
first test had been completed Fig 7 shows the calculated slopes of the 
traces of the shp and twinning planes of the specimen Z5C, the diagram being 
divided, as in the case of the other specimens, into regions of constant shp 
direction On this diagram are plotted the positions and slopes of the shp 
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and twin bands observed after fraoture (whioh oconrred after 0 26 X 10* 
reversals at ± 0 8 ton per square inch) 



Slip Bands —From the results of the previous experiment* on a single 
crystal of zinc it was shown conclusively that the slip plane operative under 
fatigue stresses was the basal plane, the position of maximum intensity of 
slip bands and its agreement with that of maximum resolved shear stress also 
completely identified the slip direotion In the present experiments also, 
no slip, except that identified with basal plane slip, was observed Evidence 
of the actual slip directions is not so direct in the present experiments for 
reasons, however, which will be apparent In the later stages of each test 
(nominal shear stress ±08 ton per square inch) a senes of closely-pitched 
slip bands completely encircled the specimen Following the first stage 
(/, ± 0 5 ton per square inch), faint slip bands were visible but were extremely 
difficult to detect at tfie points of calculated maximum resolved shear stress 
This, however, was undoubtedly due to the fact that at these maxima points 
the slip direction was tangential to the surface of the specimen, rendenng 
visual observation extremely difficult (on a perfect surface nothing should be 
visible under a microscope) On the other hand, careful examination of the 
intensity of the slip bands m those regions where the shp direction would be 
expected to change showed that the frequency and intensity of the shp bands 
had minimum values at these change points There is also the evidence of 
the location of certain longitudinal marks and of the change points of the 
operative twinning planes (both of which are discussed later) These facts, 
* ‘ Roy Soc Proo ,’ A, voL 123, p 143 (1929) 
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together with till previous experience of zinc and other crystals, are suihcient 
to show that the law of deformation by slip obeyed in the present experiments 
was that of maximum resolved shear stress on the basal plane in the contained 
primitive directions 

With regard to the lowest stress value at which slip bands aio pioduced, 
reference to fags ‘2, 5 (a) and b (a) shows that this value must be lest than ± 0 38 
ton per square inch When it is remembered that in the previous test (crystal 
Z3A) no slip bands w< ro detected until the range of applied stiess was nearly 
±10 ton per squaie inch, the effect of crystal orientation on the “ visible 
slip limit ” is apparent, this disparity is probably largely due to the restraining 
effect of the enlarged ends of the specimen, and perhaps to some extent is 
influenced by the relation of the shp direction to tho surface of the specimen 
The typical appearance of shp bands m the later stages of the tests is shown 
in fig 16 (PI 1 i) (specimen Z5B after third test, taken at X = 90°) 

Twin Bands 

(i) Identification of Twinning Plane In the previous experiment the twin¬ 
ning planes of zinc were identified as first order pyramidal (two) planes of the 
general type 10l2 In the present experiments a profusion of twins were 
observed, the twinning plane m every case was of the 10l2 type, and twins 
on all the six possible 10l2 planes were observed 
(n) Relation between the Twinning Plane and the Directum of Shp on the 
Basai Plane —For reference purposes the developed half-surface of each 
specimen can be considered as divided (by lines parallel to the axis of torsion) 
mto three regions denoted by sc, z and y (m the order given) where these letters 
refer to the operative shp direction from maximum resolved shear stress con¬ 
siderations (see fig 2), as the three specimens considered were all cut from the 
same bar, and as the same nomenclature is employed throughout, these regions 
were in the same sequence in all three specimens and the actual differences of 
X value may conveniently be disregarded 
According to the prediction made from the results of the previous experi¬ 
ment, each such region should contain ono or two complementary pairs 
of twins formed on particular 10l2 type planes, as indicated m Table III, 
the system being such that no operative twinning plane present m any region 
shall include the shp direction operative in that region 


2 h 2 
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Table III 


Ar®*" 

| l'wirmlng plane 

* 

p/, p w ~* and/or 
P*’. P«-* and/or 

p»’> ?r* 

y 

P»*. P»~* and/or 

p»*. p«r* 


The actual distribution of twins that was observed on all three specimens 
was identical in general characteristics, being such that within any region of 
constant slip direction, twins were formed almost entirely on one pair of twin¬ 
ning planes The observed positions of the twins are indicated m figs 5 (a), 
(b) and (c) (specimen Z5A), figs 6 (a), (6) and (c) (specimen Z5B), and fig 7 
(specimen Z5C) by the full circles It may be necessary to point out that this 
method of diagrammatic representation is somewhat misleading as no clear 
indication can bo given of the relative occurrence and width of the twins 
recorded Quite a different impression of the appearance of the micro- 
structure is often obtained from a searching visual examination For example, 
a system of twins may largely disappear at a certain value of X, one or two Bmall 
twins only extending beyond that pomt, and the occurrence of these exceptional 
twins must be, and has been, recorded The only satisfactory method of 
recording the appearance of the structure would be the reproduction of such a 
large number of photographs that is impracticable It must be sufficient to 
record that the visual examination of the structure showed that each region 
corresponding to any one slip direction was occupied by two sets of twins of 
major importance , when other twins were present, it was apparent that their 
presence was due to “ over-running "* (as they obviously decreased m intensity 
and width) from a neighbouring region or were of an “ occasional ” nature 
The transition from one slip region to its neighbour was, in fact, marked by a 
change m the chief operative twinning planes The results of the observations 
are summarised as shown m Table IV 

The outstanding features of these results can bo summarised as follows — 

In every specimen— 

1 Twins formed on one complementary pair of 10l2 type planes were observed 
in each operative slip region 

* Note .—The tendency of twin formation to “ over run ” or oontinue beyond the region 
m which the twin originated was noticed in the previous experiment*, and it was shown 
that the mode of formation of mechanical twins would tend to extend the twin* in the 


direction of the twii 
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Table IV 


Specimen 

Region (operative 
•lip direction) i 

Predicted twinning plane* 
(from previous experiment) 

Observed operative 
twinning plane* 

Z5A 

l 

f\ 

p y l and Py~' 

Z6B 

r 

JV S , and/or p,\ p*-» ■{ 

P„* and p,-' 


J 

l 

p M % »nd 

Z6A 

"1 

r 1 

p x * and p»“® 

Z5B 

r 

V<c. P*"’ and/or p„* « 

p y 2 and py~* 

Z60 

J 

l 

p v * and fy-' 

ZSA 

■) 

r 

P«* and p,"* 

Z6B 

r y 

P»*. p.-* and/or />**, p x ~* ■{ 

p.* and p x ~* 

/5(J 

J 

\ 

P» and p*‘* 


2 The operative twinning planes changed with the change m operative Blip 
direction (controlled by maximum resolved shear stress considerations) 

1 Twins on all six possible twinning planes (10l2 type) were observed on 
each specimen 

\ In no case did the operative twinning plane m any region contain the 
operative slip direction in that region 

The mam prediction, based on the results of the previous experiment, regard¬ 
ing the dependence of the operative twinning plane on the shp direction has, 
therefore, been fulfilled m the present critical experiment The results must, 
however, be further examined, as the factors determining the choice of 
twinning plane are not obvious 

(m) Choice of Twinning Planes —According to the previous hypothesis, 
within any region of constant shp direction there are four possible planes on 
which twins might be formed , but figs 5, 6 and 7 and Table IV show con¬ 
clusively that on only one of the two pairs of possible twinning planes are 
twins actually formed 

In the previous experiment a similar result was obtained, and m that case 
it was suggested that, since the atomic movements by which twinning is 
effected are probably oonfined to a plane normal to the twinning plane, the 
relative values of the normal stresses on the twinning planes might determine 
on which of the possible twinning planes twins would actually be formed 
In the previous experiment the normal stress on both the actual twinning 
planes was very much greater than the normal stress on either of the other 
possible twinning planes , thus, consideration of the normal stress appeared 
to supply the criterion required m order to determine the actual twinning planes 
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By reference to fig 3, which shows the normal stresses on the twinning planes 
of the specimen Z6B, it will be seen that in the present experiments, normal 
stress considerations fail to explain the distribution of twina actually obtained 
Taking, on fig 3, the region X = 22° to X = 76°, m which the slip direction is 
x, as an example it will be seen that from X — 22° to about X = 60° the normal 
stresses on p, 2 and p~ 2 are greater than the stresses on p 2 and p v -2 , but that 
from about X = 50° onwards the positions are reversed, the stresses on p v 2 
and p„ -2 being greater than those on p 2 and p,~ 2 On the previous hypothesis 
it would be expected that from X = 22° to about X = 60° T, and T,' twins 
would predominate, and that fiom about X — 60° to X = 76°, twins 
would be formed chiefly on T„ and T„' Fig 6, however, shows that from 
X — 22° to X = 76° the twins observed on the surface were almost entirely 
on the T, and T,' planes In a similar manner the normal stress fails m every 
other region of constant slip direction to provide an independent criterion between 
the two possible pairs of twinning planes This hypothesis must, therefore, be 
abandoned 

The shear stresses on the twinning planes, resolved in the direction of the 
primitive directions contained by the planes, i e , parallel to the basal plane, 
would not be expected to have any effect on twinning, the atomic movements 
by which such twinning is effected being presumably in a plane normal both 
to the twinning and to the basal planes In any case, a reference to fig 2, 
m which these shear stresses for the specimen Z5B are plotted, shows that con¬ 
sideration of these stresses would lead to similar conclusions as were drawn 
from the consideration of the normal stresses 

The shear stresses on the twinning planes, resolved m the directions per¬ 
pendicular to the primitive directions contained by the planes, might be expected 
to influence twinning, since, to a very limited extent, twinning is of the nature 
of shear in these directions These shear stresses have been calculated for the 
specimen Z5B and are plotted in fig 8 In this case also, again taking the 
region X = 22° to X = 76 s as an example, the criterion would indicate a ohange 
from T, and T,' to T, and T„' approximately m the middle of the interval 

It appears therefore that, in the present experiments, the choice of twinning 
plane can have been decided neither by the normal stresses nor by the shear 
stresses on the twinning planes, each considered independently, though the 
possibility remains that the true criterion may be some combination of these 
stresses 

From the experimental results it appears conolusivo that the conditions that 
cause twins to be formed on one twinning plane also cause twins to be formed 
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on the complementary plane containing the same primitive direction, e g , 
if twins are formed on T„ they are formed on T„' also This result was obtained 



Fig 8 —Shear Stress on Twinning Planes resolved in a direotion perpendicular to the 
primitive direction contained by the plane 

also in the previous experiment, but since, in that case, the normal stress 
criterion appeared to account for all the facts, no particular importance was 
attached to it 

The pair of twinning planes that contain the same primitive direction are 
to a large extent complementary also as regards the stresses on them The 
angle between them is 86°, i e , they are almost perpendicular to one another, 
so that the normal and shear stresses due to alternating torsional couples upon 
such a pair are very nearly identical, any stress condition, therefore, that 
would cause twins to be formed on one plane would tend also to produce twins 
on the other 

Two such planes are complementary also in another sense directly concerned 
with twinning In the discussion of the results of the previous experiment it 
was shown that the mechanical process of twinning must result in what is, 
viewed maeroscopically, a small shear along the twinning plane m the plane 
perpendicular to the primitive direction contained by the twinning plane 
Twinning on the complementary twinning plane results m a small shear in 
the opposite sense When a twin band is of a certain very small width (about 
60 A ), or any multiple of this width, the actual movement of the atoms along 
the twinning plane at the farther edge of the twin is such as to move each atom 
into the position occupied by the next, thus the original structure oan permit 
the formation of twin bands of this width (or any multiple of this width) 
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without itself undergoing any deformation On the other hand, it is possible 
for the ongmal structure at each side of a much broader twin to move “ solid ” 
with the edge of the twin and thus deform by the whole amount of the shear 
occurring within the twin 

In any case, whether the original structure deforms by the whole amount 
of this shear or whether it remains more or less unchanged, during the process 
of formation of the twin, the shear must to a limited extent affect the original 
structure And, therefore, since the shears for a pair of complementary twin¬ 
ning planes are in opposite senses, it is possible that the production of both sets 
is duo to the alternating nature of the applied stresses, and this appeals to be 
the most plausible explanation of the experimental fact 

An obvious method of testing whether the mutual occurrence of twins on 
complementary planes in the present and previous experiments is due to the 
alternating nature of the stress system employed, would be by carrying out 
careful experiments on zinc crystals employing static torsional loading, and 
it is proposed to make some experiments on these lines when opportunity 
permits Some information might also be obtained from static tensile tests 

(iv) “ Sequence ” Considerations -Considerations of normal stress having 
failed completely to account for the selection of operative pairs of twinning 
planes, some interesting facts emerge from a consideration of the experimental 
results, per se The results show definitely — 

(a) Twins on complementaiy twinning planes are always present in the 
same operative slip region, thus reducing the total of six possible twin¬ 
ning planes to three pairs 

(b) Three slip directions are involved 

(c) One parr of twinning planes only appear in each operative slip direction 

(d) A change in slip direction is accompanied by a change in the pair of 
twinning planes operative 

(e) In any operative slip region, the twinning planes containing that slip 

direction do not appear 

Now the three crystals used in the present experiment were cut from the 
same bar and the same crystallographic nomenclature has been carefully 
adhered to throughout the present report Figs 5, 6 and 7 show, therefore, 
that, m order of increasing value of X, the common sequence of operative slip 
regions is denoted by x, z, y, x, z, y, , etc Now, with this sequence, if con¬ 
ditions (a), (6), (o), (d) and (e) above are to be obeyed, only two possible sequences 
of operative twinning planes can exist, these sequences are shown m Table V 
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Dlreotlon 

| -► Inoressing value# of A*-*• 

Sequenoe of operative 
slip region* 

* 


l V 

Corresponding 
sequenoe of 

Alternative 

A 

]- (/'*’ and Pjf*) 

(P» and p.-*) 

(p,‘ and p,-*) 

twinning | 

Alternative 

B 

} (p,* and p,- J ) 

(P»* and p,-*) 

| (p,* and p*-*) 


It is now apparent at once that alternatives A and B represent the same 
sequence of operative twinning planes, the difference between the two being 
merely one of phase Reference to Table IV will reveal that alternative A 
represents the behaviour of specimen Z6A, while both the specimens Z5B and Z5C 
correspond to alternative B Consider fig 7, for example, and the twinning 
plane p x ~ l at the point where the slip direction changes from z to y The 
simple conditions given above ((o), (6), (c) and (d) ) can be fulfilled if twinning 
on p„ -s spreads to the left of the dividing line and extends over the region 
denoted by z (m which case the twinning characteristics of specimen Z5A will 
be produced) or if twinning on p x ~ 2 spreads to the ru/ht of the dividing line 
and extends over the region denoted by y (in which case the twinning character 
istics of specimens Z5B and Z6C will be produced) It will bo seen from fig 7 
that the dividing line coincides very nearly with the position at which the trace 
of the twinning plane has its maximum slope , these points also correspond to 
positions of maximum normal stress on the twinning plane under torsional 
straining It is obvious, therefore, that the direction (right or left) in which 
twinning proceeds cannot have been controlled by normal stress considerations 

One is led to assume therefore that the sequence of twinning is dictated almost 
entirely by the sequenoe of slip direction and that the phase difference adopted 
by any particular specimen is influenced by secondary considerations Thus, 
specimen Z5A happened to adopt alternative A (of Tabic V), while specimens 
Z6B and Z5C conformed to alternative B The important point is that the 
behaviour of all three specimens is entirely consistent As to the unknown 
factor which serves to discriminate between alternatives A and B, the present 
experiments give no information 

The outstanding conclusion is that the suggested process, which is simple 
and logical, makes consistent the apparently discordant characteristics 
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exhibited by three specimens and renders unnecessary the fomiulation of any 
primary factor affecting the choice of twinning plane other than consideration 
of slip direction It is necessary, however, to pomt out that no explanation 
of the process has yet emerged 

Slip Bands within the Twins —All the twin bands observed m the present 
experiments were small some of the broadest recorded being shown in fig 11 
(Plate 12) For this reason, although slip within the twin bands was, m nearly 
every case, easily observable, the slope of the shp bands was not often accurately 
measurable The evidence as to the shp plane within the twins deduced from 
the large twins observed in the previous experiment is regarded as so very 
definite that no attempt has been made to confirm these previous results by 
purely independent measurements of the much smaller twins observed in the 
present experiment 

In several cases, however, measurements were made on some of the broadest 
twins, and the slopes of the shp bands were found to be in good agreement 
with the slopes of the various twinned basal planes In figs 15 and 12 
(Plates 13, 12) the difference of slope of the slip bands within two sets of com¬ 
plementary twins may clearly be seen 

The process of twinning (as it occurred in the present experiments) produces 
twinned basal planes that are everywhere nearly parallel to the axis of the 
specimen and (at the points where shp bands are visible) are inchned at a large 
angle to the surface of the specimen The resolved shear stresses on the 
twinned basal planes are therefore everywhere very high, so that shp on the 
twinned basal planes would be expected wherever twins are formed An 
inspection of the photographs, which are representative of the general appear¬ 
ance of the surface of the specimens, shows that twins without internal shp 
were never observed 

Fracture —All three specimens fractured completely under a range of 
nominal shear stress of ± 0 8 ton per square moh , specimens Z5A and Z5C 
fractured across the enlarged ends, the plane of fracture in each case being the 
basal plane (the cleavage plane), specimen Z5B fraotured approximately in 
the middle of the test length, the fracture being mainly parallel to the basal 
plane with a small irregular area of roughly prismatic form 

From the appearance of the fracture of the specimen Z5B, it appears probable 
that cracks started on opposite sides of the specimen on two distinct basal 
planes, and that the roughly prismatic fraoture occurred by tearing action 
after the specimen was almost completely severed, the fracture being thus 
completed 
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None of the fractures had the appearance of a fatigue failuie, and from the 
nature of the failures, it appears that the initial cracks developed mto complete 
fractures almost instantaneously It will be seen from the curves of shear 
stress (fig 2) that the shear stress on the basal plane did not vary greatly all 
lound the specimen It is not unreasonable to suppose, theiefori, that a 
< rack once formed would lie propagated round the specimen merelv uiuh i the 
static effect of the maximum stress of the stress range On the other hand, 
wit li the particular orientation of the pi isent crystals, the slightest bending 
stresses in a plane containing tbe axis of torsion is apt to reveal the inherent 
“ brittleness ” of the crystal and its marked tendency to cleave along the 
basal plane Although the very greatest precautions were taken to avoid 
bending stresses while placing the specimen in the testing machine grips the 
appearance of the fractures indicate that bending stresses wt re elm fly lespon- 
sible for the actual final failure The value of the nominal shear sficss being 
applied ±08 ton per square inch, when fractuic occurred lias piobably 
little relation to the fatigue range of the crystal 'I’lie writers believe that no 
information regarding the actual value of the fatigue limit has been obtained 
in the present experiments 

Prismatic Planes —In the present experiments, as m the previous e\pc ri- 
ment, no indication of deformation by slip on any of the prismatic planes 
(either first or second order) was observed After the third test (6 02 x 10®) 
reversals of ± 0 8 ton per square inch) on the specimen Z5B, however, there 
were apparent on the surface six sets of long, black markings all nearly parallel 
to the axis of tho specimen and the majority extending the whole length of 
the specimen 

.Sufficient photographs (magnification 100) were taken to form con¬ 
tinuous panoramas of the surface of the specimen, the first a circumfeiential 
development showing the appearance of the surface about midway between 
the enlarged ends from X 0 to X ~ 180°, the sot ond following the direction 
of the longitudinal lines and showing their appearance from end to end of the 
specimen at about X — 115° The first of these panoramas is reproduced in 
diagrammatic form m fig 9 (c) to show the positions and approximate slopes 
of the longitudinal lines both in relation to the crystalline structure and to the 
applied stressing system , a diagram of the resolved sheai stresses on the basal 
plane is appended (fig 9 (6)) 

It will be seen that the lines were grouped round the points of maximum 
resolved shear stress on the basal plane, t e , round X — 49°, 107°, 170° (229°, 
287° and 360°), that each group had a definite slope, and that these slopes 
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were everywhere nearly perpendicular to the trace of the basal plane The 
slopes of any two of these lines separated by 180° X were always equal and 



opposite, so that it was concluded that the lines represented the traces of 
crystallographic planes From the perpendicularity of these lines to the trace 
of the basal plane, it was evident that they could only represent the traces of 
planes of a prismatic form, and it was found that they agreed, within ± 2°, 
with the traces of the second order prismatic planes F r , P„, P w (of the llSO 
type) The particular plane concerned at any point was the plane perpendicular 
to the shp direction at that point, eg , P v , in the x region In fig 9 (a) are 
plotted the calculated slopes of the traces of these three prismatic planes and 
the observed traces aro recorded on this diagram as full black dots , as in the 
previous diagrams, the small differences between the calculated and the 
observed slopes have been neglected m preparing the diagram 

It was thought at first that these longitudinal hues might be cracks or 
cleavages, although the general appearance and nature of the marks did not 
correspond with the usual type of fatigue crack or cleavage failure, and the 
almost simultaneous production of so many cracks seemed extremely unlikely 
However, in order to test this hypothesis, after the polished surface of the 
specimen had been fully examined and photographed, the specimen was 
lightly polished and etched and the surface was then re-examined and re¬ 
photographed The appearance of the marks after this treatment was not that 
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of cracks One of the photographs taken is reproduced (fig 21, Plate 14), and 
by comparison with the photographs before polishing and etching it will be 
seen that the effect of the treatment has been to render the longitudinal lines 
less definite, a result that would not have been obtained had these marks been 
cracks 

It was concluded, therefore, that these hues were more in the nature of ridges, 
an impression that had previously been conveyed directly after test by the 
appearance of the specimen to the unaided eye This conclusion was sup¬ 
ported also by the slight differences of level existing in the neighbourhood of 
the longitudinal lines, these differences being evidenced by the slight adjust¬ 
ments necessary to bring each feature into focus m the microsoope The 
difference of levels is shown also as a difference of focus in fig 17 
(Plate 13) 

In the vicinity of the longitudinal hues, it will bo noticed that the basal 
slip lines, and, to a lesser degree, the twin bands also, arc considerably dis¬ 
torted (figs 17 and 18) This distortion may be due entirely to the effect of the 
ridges, which, by causing the surface of the specimen to become inclined to the 
plane perpendicular to the axis of the microscope, alters the apparent slopes 
of the traces of the crystallographic planes The traces of planes which arc 
perpendicular to the surface of the specimen would not bo affected by this 
distortion of the surface, eg, at the points X -= 45 5° and X — 225 5°, where 
the basal plane is normal to the surfaoe, no bending of the slip lines would be 
expected An examination of fig li (X = 48°) and fag II (X — 40°) shows 
that experimental evidence on this point is indecisive In fig 14 the slip 
lrnes appear reasonably straight and continuous, but in fag 15 the lines, while 
straighter than elsewhere (c f fig 19, X = 112°), arc viry far from continuous 
across the photograph 

It is therefore suggested that, while the apparent curvature of the slip fanes 
may be due to the optical effect of the corrugation of the surface of the specimen, 
the actual discontinuity of slope of these fanes, as instanced in fag 13, is probably 
not due entirely to this cause It appears therefore that the experimental 
evidence, though very far from conclusive, does indicate that something in the 
nature of shear deformation in the direction of the longitudinal fanes has taken 
place 

It may be remarked here that, in the previous experiment on the specimen 
Z3A, one or two short dark fanes were observed in the regions of maximum 
slip, corresponding m general appearance and orientation with respect to the 
crystallographic axes to the longitudinal fanes observed in the present tests 
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At the tune these short daik lines were regarded as being accidental, they 
were not suihciently numerous to afford any indication of correlation with tbo 
crystallographic axes Now, however, it appears that these lines were the 
exact counterpart of the longitudinal lines observed m the present test and 
their occurrence in the legions of maximum slip confirms the deductions drawn 
as to the dependence of these lineB on the process of slip 

From the appearance, position and orientation of the longitudinal lines, it 
is natural to associate the production of the lines with the slip on the basal 
plane It was, at first, thought that the lines might represent the effect of 
non-umfornnty of slip resulting m a “ piling up ” of material at the points 
where the actual amount of slip was changing most rapidly , but estimates of 
the variation of the actual amount of slip round the specimen seemed to indicate 
that this would lead to the production of longttudinal lines near the change over 
points rather than at the crests of the curves of resolved shear stress on the 
basal plane Moreover, on this hypothesis, the deformation of the slip line* 
by the longitudinal lines must be attributed entirely to the optical effect of the 
corrugation of the surface 

In fig 10 are shown four diagrams intended to illustrate a tentative sug¬ 
gestion as to the manner in which these lines may be produced For con- 



Fig 10 


vemence we consider a specimen in which the baBal plane is perpendioular 
to the axis or torsion, the actual orientation of the specimens used in the 
present expeuments was sufficiently close to this ideal orientation for the 
present purpose Fig 10 (a) shows a rectangle drawn on the surfaoe of this 
ideal specimen (one pair of edges being parallel to the traces of the basal plane) 
m the vicinity of a pomt of maximum resolved shear stress Suppose, now, 
that the rectangle tends to slip into the form shown in fig 10 (6) In the 
neighbourhood of the change-over points, however, not only is the shear stress, 
and hence the tendency to slip less, but such slip as does occur is not entirely 
perpendicular to the radius vector and hence contributes m a lesser degree to 
the actual torsional movement This may have the effect of restricting the 
total torsional movement of the whole specimen to such an extent that the 
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rectangle of fig 10 (a) can reach only the position shown in hg 10 (d) It is 
suggested that this final position may be reached from the position fig 10 ( b ) 
by a rotation into the position shown m fig 10 (c) and a shear deformation on the 
plane normal to the direction of slip on the basal plane, i e , on the prismatic 
plane It is not suggested that this shear deformation is effected by slip m the 
ordinary sense, but rather by mass movement mainly in the neighbourhood of 
the longitudinal hues 

It is not desirod to lay any emphasis on the explanation suggested above, 
since the experimental evidence is not regarded as sufficient to warrant anything 
more than a tentative hypothesis 

After the specimen Z5B had been broken, the fractured surface was examined 
and photographed It was found that at six points practically equally spaced 
round the edge of tho fracture and agreeing well with the positions of the 
longitudinal lines on the polished surface, the face of the fracture over a small 
area appeared corrugated, the degree of corrugation decreasing as the distance 
from the point of maximum stress increased Fig 23 shows the appeaTanco 
of the fractured surface The shear stress values on tho basal plane resolved 
along the primitive directions have been placed round the photogiaph in the 
form of a polar diagram Fig 22 (Plate 14) shows the corrugations (appearmg 
as broad black bands) at about X = 110° photographed at a higher magnifica¬ 
tion The general directions of the corrugations on opposite Bides of the speci¬ 
men agreed well with each other and with the calculated trace of the particular 
second order pnsmatic plane concerned at each point It appears, therefore, 
conclusive that whatever deformation occurs to produce the longitudinal hnes 
on the surface, the deformation is such that the second order prismatic planes 
normal to the direction of slip remain undisturbed 

On the fractured surfaoc of Z5B there was apparent a second set of marks, 
easily recognisable as twin bands and agreeing exactly with the traces of the 
twinning planeB In fig 22 these twin bands may bo seen crossing a corrugated 
area, the angle between the bands and the direction of the corrugations being 
almost exactly 30° (the theoretical angle) 

The polished surface of Z6B after fracture showed no regular distribution of 
twins, a few isolated bands only being observed In the vioimty of the fraoture, 
however, the longitudinal hnes again appeared as fine hnes, occupying exactly 
the same positions round the specimen as the broader marks observed after 
the third test 
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Summary of Results and Conclusions 

1 Slip Plane, Slip Directions and Twinning Planes —The slip plane of 
zinc is the basal plane (0001), the slip direction is the most highly stressed 
primitive direction, deformation by slip ib controlled by the criterion of 
maximum resolved shear stress The twinning planes of zinc are the six 
planes of the general type 10l2 

2 Operative Twinning Planes —With the specimens employed m the present 
tests, due to the relative orientation of crystallographic and straimng axes, 
and to the type of applied stressing, the circumference of the specimen can be 
considered as being divided into six consecutive portions (a sequence of three 
portions repeated twice), m each of which one slip direction is operative Thus 
three slip directions become operative in turn The results show definitely 
(a) One pair only of complementary twinning planes appear in the area associ¬ 
ated with each operative slip direction, thus reducing the total of six possible 
twinning planes to three pairs , (6) a change in slip direction is accompanied 
by a change in the identity of the pair of operative twinmng planes , (c) in 
any operative slip direction, the twinmng planes containing that slip direction 
do not appear, (d) normal stress alone does not determine the choice of 
operative twinning plane If conditions (a), (6), (c) and (d) are fulfilled, only 
one sequence of operative twinmng planes can result, offering two alternative 
phases of the sequence Both phases have been observed on different specimens 

The important conclusion is thus reached that the occurrence of twins, as 
w ell as slip bands, is controlled by the simple criterion of maximum resolved 
shear stress on the slip plane 

3 New features observed m the Microstructure —Long widely-spaced black 
‘ marks ” appeared on the surface of the specimen In every case their 
direction was parallel to the trace of the particular second order pnsmatio 
plane (ll20 type) perpendicular to the slip direction operative at that portion 
of the specimen The exact meaning of these “ marks ” is not apparent, 
it is suggested that they may represent the effects of block shear movement on 
prismatic planes rendered necessary to preserve the continuity of the specimen 
and compensating for the fact that zinc has only one slip plane, with three 
slip directions 


The experiment is an item of a general programme of research performed for 
the Engineering Research Board of the Department of Scientific and Industrial 
Research and the Aeronautical Research Committee , the authors’ thanks are 
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due to these bodies for the research facilities afforded and for permission to 
publish the results. 

The zinc crystal used was prepared by Mr V H Stott, M Sc, and the 
metallographio polishing was arranged by Mr J. D Grogan, B A, both of 
the N P L Metallurgical Department The X-ray analyses were carried out 
in the N P L Physics Department by Mr I Backhurst, M Sc 

The authors take this opportunity of expressing their indebtedness to Messrs 
Stott, Grogan and Backhurst for their invaluable assistance in these directions 


Structure m very Permeable Collodion Gel Films and its 
Significance m Filtration Problems 

By William Joseph Elford, National Institute for Medical Research 
(Communicated by J E Barnard, F R S —Received January 31, 1930 ) 
(Abstract) 

1 Optical studies of permeable collodion films have revealed the existence 
of two very definite types of structure—(i) nucrogel structure of microscopic 
Older, and (u) ultragel structure of ultra-microscopic order The general 
nature of these structures has been established for several different mtro- 
cottons and the conditions determining them investigated 

2 Gelation m this particular instance is a process of phase transition resulting 
from the coagulating influence of desolvation The precise nature and stability 
of the gel is a function of the specific characters of the mtro-cellulose anS 
solvent, and the Variation in free surface forces around the dispersed phase 
particles with differing degrees of molecular complexity of the system 

J The bearing of these observations upon ultra-filtration has been dis¬ 
cussed A complete explanation of the general behaviQur of ultra-filter 
membranes is afforded, and a sound basis established for the interpretation 
of filtration results 

(The full paper is published in Proceedings, B, vol 106, pp 216-228 ) 
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lteseuiches on the Chemistry of Coal Part VI —Its Benzenoid Con¬ 
stitution as shown by its Oxidation with Alkaline Permanganate 
By William A Bone, D Sc , FRS, Laubfnck Horton, Ph D , and 
Stacey G Ware, M Sc 

(Receiv ed March 13, 193U ) 

In Part IV of this series* a preliminary account was given of the discovery 
that the benzene pressure-extracted “ residue ” of a typical bituminous coal 
can ri udily be oxidised by means of an alkaline solution of potassium per¬ 
manganate with formation of considerable quantities of benzenoid acids, 
among which benzene hexacarboxyhc (mellitic) and 12 3 1 benzene tetra- 
carboxykc acids had been isolated and identified, the total yield of such 
acids obtained amounting to be tween 2 r ) and 40 per cent of the weight of the 
coal residue taken, according to the conditions under which the oxidation had 
been conducted Seeing that the benzene pressure-extracted ‘ residue ” 
treated in the i xpenments was 88 0 per cent of the original coal substance, such 
results indicated that a considerable part of the original coal substance is of a 
benzenoid character, and the woiking out of the possibilities thereby opened 
up was reserved for further investigation because of its bearing upon the 
chemical constitution of coal 

Since the publication of those results the subject has be< n under continuous 
investigation in the Fuel Research Laboratories of the Imperial College with 
the aid of grants from the Fuel Research Board of the Department of Scientific 
and Industrial Research, and the present paper gives an account of oui 
further experiments 

In drawing up the original programme of work the following points seemed 
to be of lust importance, namely, (l) the optimum conditions for oxidising the 
coal substance so as to obtain a maximum yield of crystalline acids , (u) the 
isolation and identification of the various acids produced , (m) variations (if 
any) in the oxidation and its products according to the maturity of the coal 
substance , (iv) “ stepwise ” oxidation of the coal Bubstance, with a view to 
discovering possible intermediate products, (v) the effects of progressive 
carbonisation of the coal substance upon the oxidation and the proportions 
of various products therefrom, and (vi) the oxidation of anthracites and various 
forms of charcoal and carbon 

* ‘ Roy Soo Proo A, vol 110, p 537 (1926) 
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la this pupci we propose dealing prim ipally with the hrst five of these points 
m the light of our work up to date It should be understood that, except when 
otherwise stated, the experiments recorded herein were carried out with the 
“ residues ” from the benzene-pressure-cxtraction of the coals m question, 
representing between 85 and 98 5 per cent of the original coal-substance 
in each ease It was dei med advisable to ileal sc pa tab ly with these “ residues ” 
and the <orresponding extracts” although experiments have shown that 
such piocedure is more a matter of convi meuce than of necessity Indeed the 
original uncxtractcd coal might have bei n employed m each case without 
inatcriall> atfecting the insults, but for our dcsiic to mvestigatc the oxidation 
of the ” lesidue ” and “ extiacts ” separately 

lb fori procei ding, howevi r, to detail the ri suits of om further experiments, 
we will biiefly indicate their chaiactci and what wc consult i to be their bearing 
upon the chemistry of iouI 

Wc have examined in dt tad (lit |k rmanganate oxidation of the ‘ n sullies ” 
from th<> Is n/t lie ptessmt extraction of live tvpic.il coals of widely different 
gcologual ages and matuiitus, namelv (i) Morwell brown coal from Victoria 
(Australia) of tt rtiary origin and in an incipient stage of maturity , (u) a 
brown ligmte fiom listevan in tin piovmu of Saskabhewan (Canada), also 
of tertiary origin but considerably more matured , (m) a will matured bitu¬ 
minous uon coking coal fioni South Afuca (Witbank) of pemiocaibomferous 
origin , (iv) a fully matured hard coking bituminous coal from the ‘ Busty ” 
seam, NW Durham, and (v) a Camnore coal of sum bituminous type 
from tlie Western Canadian Coaltn Id 

All these (oal-residues have hem oxulisid giving much tin same wught 
yields of irystalhne organic auds chufly lonsihtmg of Ihuziuc caiboxyhc 
acids, the piojKUtions of which do not semi to \at> mateiially from om coal 
to another, togithci with smallei amounts of oxalic and aw tic auds This 
would indicate thill a lonsuh rable part of the orguiuc debus onginally deposited 
tu the inupunt (oallulds either had or soon acqmiccl a lyclic, and probably 
beuzenoid, structuie which has been piisi rved during tlie subsequent maturing 
process Otherwise it would bo difficult to account for tho remarkable fact 
that we have found the permanganate oxidation of the Morwell brown coal 
to give much the same yields and types of benzenoid carboxylic acids as the 
highly matured ” Busty ” coking coal Hence it would appear that, whatever 
its chemical nature may have been, the maturing process has not destroyed 
the essential chemical structure of the coal substanoe, however much it may 
have been modified m detail 
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Wc have found that, under suitable conditions, the alkaline permanganate 
oxidation of 100 parts by weight of the original coal substance will yield 
something between 3 and 7 parts of acetic acid, from 15 to 35 (but usually 
about 20) parts of oxahe acid, and from 33 to 50 parts of chiefly benzene 
carboxylic acids of mean composition closely approximating to that of a 
benzene tricarboxylic acid From the last-named mixture of benzeuoid 
acids wc have isolated no less than 10 out of the 12 possible benzene carboxylic 
acids, including all three isomeric phthahe acids, all three benzene tricarboxylic 
acids, two out of the three possible benzene tetracarboxyhe acids, and the 
pentacar boxy lie and kexacarboxjlic acids 

Moreover, in the cases of two of the coals examined—namely the immature 
tertiary Morwell brown coal and the well-matured carboniferous Busty coking 
coal—complete “ carbon balances ” experimentally worked out for the oxida¬ 
tion under optimum conditions showed a very similar distribution of the 
original carbon in the coal substance among the various products, namely, 
approximately 42 per cent as carbonic anhydride, 2 per cent as acetic acid 
7 per cent as oxahe acid, and 48 pi r cent as benzene carboxylic acids m each 
case In each case also about a third of the original carbon ultimately appeared 
as Cg-rings in the oxidation products 

In carrying out ‘ step-wise ” alkaline permanganate oxidations of the coal 
substance, evidence was forthcoming that complex colloidal “ humic acids ’ 
are formed intermediately, the crystalline benzeuoid acids and probably also 
oxalic and acetic acids arising simultaneously from their further oxidation , 
this was confirmed by other experiments proving that on separate oxidation 
100 parts by weight of such humic acids yield some 60 parts of a mixture of 
benzene carboxylic acids, 20 parts of oxalic acid, 3 parts of acetic acid and rather 
less than one part of succinic acid Moreover, certain observations lead us to 
suspect that the transition from “ humic ” to benzenoid acids may be through 
some crystalline acid of intermediate complexity, although we have not yet 
isolated it 

From the fact that the “ residues ” resulting from the bcnzene-pressurc- 
extraction of the coals under investigation constituted from 85 to 98 5 pel 
cent of the original coal substance, and that nearly one-third of the carbon m 
such residues appeared as Cj-rings in the products of their alkaline perman¬ 
ganate oxidation, it may be inferred that a considerable part of the original 
coal substance has a “ benzenoid ” structure 

This, however, is not all, for it has also been proved that (l) from 57 to 
66 6 per cent of the benzene-pressure-extracts of the two immature brown 



Researches on Chemtstry of Coal 483 


coals examined were composed of phenols and phenolic esters, and (n) at least 
two-thirds of the corresponding extract from the mature Busty coking coal, 
namely, the portion thereof (Fraction IV) which is mainly responsible for its 
coking propensities is also essentially “ benzenoid ” in character 

Such results, revealing as they do that in great part the coal substance - 
no matter what its geological age or chemical maturity, or whether or not it 
is extractable by boiling benzene under pressure— has an essentially ‘ lie im - 
noid ” structure, suggest the possibility of its having arisen through condensa¬ 
tions of phenolic- and ammo- with aldehydic-bodies, much as “ bakelitc '' is 
synthesised nowadays from phenols and formaldehyde 

This suggestion also accords well with the evidence contained in Pait V 
hereof (q v ) that, the development during the maturity of tin coal substant c 
of the constituents mainly responsible for the coking propensities of bitu¬ 
minous coals is marked by the disappearance of the phenols and phenolic 
esters extractable from brown coals and brown hgmties,* and it is reinforced 
by the proof now forthcoming that such “coking constituents” arc' largely 
benzenoid m structure 

It should here be noted that various previous investigators have suggested a 
“ benzenoid structure ” for lignin,f and that on oxidising, in an alkaline medium 
with air at 55 atmospheres pressure, 1665 grams of the “ Willstatter ” lignm 
(obtained by treating wood with a large excess of strong hydrochloric acid), 
F Fischer and his collaborators obtained 138 grams of aliphatic (principally 
acetic) and 52 grams of lienzcno carboxylic acids J Moreover, they obtained 
small amounts of benzene carboxylic acids by such pressure-oxidation of 
both brown and bituminous coals, which (they said) points to an essentially 
aromatic structure in them Apparently, however, the significance of such 
results in regard to the constitution of coals has been lost sight of, but in the 
light of ours can hardly now bo doubted 

It is not difficult to account for the production of benzene carboxylic acids 
by the alkaline permanganate oxidation of the coal substance (or the “ humic 
acids ” resulting therefrom) Thus 12 3 benzene tricarboxylic acid, for 


example, would result either from such fused rings as 


A 


S '\ or from 


* ‘ Roy Soc Proo A vol 120 p 523 

fAbhand Kohle,’ vol 5 pp 132-305 (1020), and vol 6, pp 1-20(1921) 
| ‘ Bwmwtoff Chemie,’ vol 2. p 216 
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T | (whore It = side chain), etc, while 13 4 benzene tricarboxylic 


it c x 

acid might result from 1 Indeed the production of any benzene 

carboxylic and could be explained on similar lines Also it would be equally 
possible for benzene e u boxy lie uids to arise by the oxidation of sm listructines 
II 

C / N 

"* I I IT I I 

\/ 

The pioduetion of oxalic acid might also ause simultaneouslv by the oxida 
tion of “fused benzene rings and/or alkyl aide < lutins while acetic acid 
obviously would nisi by the oxiditieui of side chuns 

It must also bo homo in mind that (is already shown in previous papers) 
during the maiming process in all piohabihty the oigamc mattei of brown 
coals has ilso uiuli rgonc “ internal condensations ’ involving the elimination 
of both caibon dioxide and v\ ilei , inmeo\»r under tin influence of heat 
pioduccd by igneous intrusion oi exceptional oaitli piissutes m certain rases, 
bituminous coals have lost their coking constituents and neutial oils, thereby 
being converted into “ semi bituminous ’ type s 
More experimental exploration of the subject will Ik’ needed to test it bcfon 
such views cm be aelvanceel otherwise than tentatively for discussion and 
we are undertaking further work with that objective* Also, we propose* 
extending the* investigation so as to incliielr eompaiutivi* stiulies of the oxidu- 
tion of celluloses, lignins ete , as we»ll as of the ovulation and carbonisation of 
“ hakchtr ” mil the like* 


K \1*F1UMFNTA1 
A —The Coah EmjJoynl 

Although some details regarding the coals employed have already been giyen 
m previous papers of the senes, the following may be repeated here as being 
essential to the proper understanding of this new work It should bo under¬ 
stood that, except when otherwise stated, the following analytical data refer 
to the dry-ashless coal substance or “ residue ” in each case 

(1) Morwell Brown Coal —A tertiary earthy brown coal in a very early 
stage of development from the uppermost bed of the famous Morwell deposit 



Researches on Chemistnf of Coal 


485 


in Victoria (Australia) containing about 50 per cent of water and 4 per cent 
of ash in the raw state The dry-aahless coal-substance contained — 

0 = 66 4, H — 4 1, N and S — 1 0 and 0 = 28 5 per cent , 
and at 900° C yielded 53 3 per cent of “ volatiles ” On being extracted with 
benzene at pressures between 40 and 48 atmospheres (corresponding with 
temperatures between 250° and 280° C ) it yielded altogether ] 5 per cent of 
“ extract,” namely, 9 0 per cent of phenols (among which phenol, p-crosol 
and catechol were identified), 1 per cent of phenolu esters, 3 5 per c< nt of 
“ neutral oils ’ and 1 5 per cent of amoiplious solids insoluble in light 
petroleum 

The dr\ -ashless “ residue ” as used in our present experiments contained - 
0 = 71 2, H = 3 75, N and S = 1 0 and O = 24 05 per cent 

(2) Erevan Brown Lignite —A typical brown lignite, more matured than 
(1) from the top 7 foot seam of the Estcvan (’oal and Buck Company, 
S Saskatchewan The raw coal (as received m our laboratories) contained 
37 8 per cent water and 7 65 pel cent of ash The 1 di y ashless ” coal 
substance contained 

0 — 67 75, H = 4 3, N = 0 95, S = 0 6, and 0 — 26 4 per cent, 

and at 900° 0 yielded 44 9 per cent of “ volatiles ” On benzeno-pressure- 
extraction, as aforesaid, it yielded altogether 4 5 per cent of crude extract 
comprising 2 25 of phenols (principally phenol, p-cresol and catechol) 0 1 of 
phenolic esters, 1 65 of “ neutral oils ” and 0 1 of solid amorphous bodies, 
there being a close similarity between the crude extract and its components 
and those obtained from the Morwell coal The dry-ashless “ residue ” used 
in the present experiment contained — 

0 = 71 5, II = 3 65, N and S = 1 6, O = 23 25 per cent 

(3) Busty Coking Coal —A typical well-matured carboniferous hard- 
coking bituminous coal from the “ Busty ” seam m Langley Park Colliery, 
co Durham The dry coal contained 3 45 per cent of ash, and the “ dry- 
ashless ” coal substance contained — 

C — 87 75, H = 5 0, N — l 55, S = 0 75, and O = 4 95 per cent, 

and at 900° C yielded 25 5 per cent of “ volatiles ” On benzene-pressure 
extraction, as aforesaid, it yielded altogether 15 6 per cent of crude extract 
which, in addition to neutral oils and small amounts of resinous bodies, was 
two-thirds composed of amorphous coking constituents (Fraction IV) the latter 
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replacing the phenols and phenolic esters found in the corresponding extracts 
from the brown coals The dry-ashless “ residue ” used in our present experi¬ 
ments contained — 

C = 85 65, H = 4 4, N and S = 2 35,"and 0 = 7 6 per cent 

(4) Witbanl Coal —A non coking bituminous coal of permocarboniforous 
origin from the upper portion of the No 2 (or main working) seam of the 
Coronation Colliery, Witbank, E Transvaal, South Africa The dry coal 
contained 10 35 per cent ash, the “ dry-ashless ” coal substance contained — 

C = 81 75, H = 4 5, N = 2 0, S = 0 55, and O =- 11 2 per (ent , 
and at 900° C it yielded 27 0 per cent of ‘ volatiles ’ and an absolutely non¬ 
coherent powder On benzene-pressure extraction it yielded 7 5 pi r < ent 
of crude extract, and the dry-ashless ‘ residue ” contained — 

C ■= 79 4, H = 3 0, N = 2 0, S = o 6, and 0 = 11 4 per ant 

(5) Canmore Coal from a scam m the lower cretaceous formation of the 
extreme western part of the W Canadian Coalfield Under the stiess of 
mountain building subsequent to its formation, the coal had been converted 
into a non-coking “serai bituminous” type contaimng (“ drv-ashless ”) — 

C = 89 7, H = 4 0, N = l 4, S = 1 0, and 0 = 3 9 per cent 
and yielding at 900° C 14 1 per cent of “ volatiles ” On benzene pressure- 
extraction it yielded only 1 35 per cent of crude extract, the ultimate com¬ 
position of the ashless “ residue " being substantially that of the original “ dry- 
ashless ” coal 

B —Their Permawqanatc Oxidation 

Seeing that the benzene-pressure-extracts from all the foregoing coals had 
been fractionated and examined m detail, as already described in Part V hereof 
(q v ),* it was decided to employ only the so-extracted “ residues ’ m the mam 
permanganate oxidation experiments, because these 1 residues ” comprised 
by far the greater part, i e , from 85 to 98 5 per cent of the coal substance 
And having regard to the purpose of our researches namely, the elucidation 
of the chemical constitution of the principal coal substance, it seemed advisable 
to oxidise these “ residues ” apart from the corresponding ' extracts,” leaving 
the latter to be dealt with separately as a subsidiary part of the problem 
Accordingly it will be understood that in the experiments now to be described 
only the benzene-pressure-extracted residues of the coals in question were 
used 


* Loc, at. 
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Relative Proportions of KMnOJCoal Substance used —When either a dry- 
coal or its “ residue ” after benzene-pressure-extraction is submitted to an 
alkaline permanganate oxidation according to our method, it is important first 
of all to determine the relative proportion of KMnO^/coal substance to be 
used This will obviously depend partly upon the ultimate elementary com¬ 
position of the material under investigation, and partly upon the extent of the 
desired oxidation 

It may be recalled that, in an alkaline permanganate oxidation two molecules 
of KMn0 4 yield three atoms of oxygen plus hydrated manginese dioxide, < <\, 
JKMn0 4 | IH 2 0 - 2KOHL |- L>MnO(OH) 4 + SO 

In any particular case dependent upon the ultimate composition of tin 
<oal substance used, there would be a certain theoretical proportion of the 
potassium permanganate which would just suffice in an alkaline solution to 
oxidise the whole of the organic matter completely to carbon dioxide and water 
if such wi re possible This may lie conveniently termed the ' theoretical pio- 
portion ” and is denoted in the text by the expression KMn0 4 (theoretical) 
In point of fact, however, such a complete oxidation is never reached when the 
process is carried out according to our procedure (qv ), there being alwa>s a 
definite end point ” corresponding with a KMn0 4 -proportion which may be 
conveniently referred to as KMn0 4 ep proportion There is also in each 
partic ular case another KMn0 4 -proportion winch it is desirable to determine 
experimentally, namelv the minimum actually needed to oxidise the whole of 
the coal substance to crystalline acid products without leaving any colloidal 
acidic bodies which will always be referred to as the KMn0 4 c a proportion 
in each case In our principal experiments we usually employed a proportion 
intermediate between the ep and the cn proportions For the original 
‘ dry coals ’ and their dry benzene-pressure extracted residues respectively, 
the foregoing KMn0 4 /coal weight ratios would be as follows 


— 

Theoretic al 
calculated 

| 

found 

Actually 

Morwell residue 

12 ft 

10 0 

7 5 

8 2 

Eatevun residue 

12 » 

11 7 

S 4 

9 75 

Buety residue 

10 9 

11 7 

8 5 

12 8 


We have found that, by employing a proportion of KMn0 4 intermediate between 
the c a and e p proportions, the whole of the coal substance in any case may 
be oxidised so that substantially the whole of its carbon is transformed into 
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a mixture of carbonic, acetic, oxalic, succinic and benzene carboxylic acids, 
the first and last always being the mam products 

When, however, the proportion of KMn() 4 used in relation to the coal sub¬ 
stance is progressively diminished below the r a limit, not only may complex 
colloidal acid products (“ humic acids ”) be added to the other oxidation pro¬ 
ducts, but also some of the coal substance may remain unoxidised 

As already stated in our introduction, and will be proved later, the “ humic 
acids ” referred to in the preceding paragraph are intermediate oxidation 
products between the original coal substance and the benzene carboxylic 
acids, because we have found that these latter normally result from a properly 
regulated alkaline permanganate oxidation of the “ humic acids ” Also, wo 
have some grounds for suspecting that the passage from the humic to the 
benzene carboxylic acids may not be direct, but possibly through some inter 
mediate crystalline acids more complex than the latter which wo liavo 
not y< t boon ablo to isolato This point, howiver, is resetved for future 
invostigation 

A Typical Oxidation Experiment —In our preliminary experiments descubed 
m Part IV hereof (q v )* the poi manganate oxidation was carried out in a 
strougly alkaline medium in an autoclave Starting at 70° C the process 
always became so vigorous that tho tempoatnre of the system would rise 
automata ally to anything between 140° and 175° C, coirespondmg with 
pressures in tho latter case ns high as 140 lbs per square in< li 

In later expenrmnts, however, we have obtained better yields of crystalline 
organic acids by working at atmosphein pressure so that the temperature does 
not rise beyond the boiling point of the liquid medium thereat We will 
now describe, as a typical example, the procedure adopted m the case of the 
benzene pressure-extracted residue from Morwell Brown Coal 
607 grams of the dried and finely pulverised coal “ residue "(ip, equivalent 
to 478 grams of “ ashless ” residue) were suspended in open vessels containing 
14 6 litres of wrater m which 346 grams of potassium hydroxide had been 
dissolved The temperature of the medium having been raised to between 60° 
and 70° 0,38% grams in all of potassium permanganate were gradually added 
to it f The external heating was continued until the temperature of the 
medium hail risen up to its boiling point, a condition usually attained after 

* hoc ett 

f Later on in the research it was found that an oven smoother oxidation resulted on 
using an alkali/coal ratio of 1 6 and adding the said proportion of tho permanganate quite 
slowly as a solution at the temperature stated 



Researches on Chenmtry of Coal 489 

between one-quarter and one-third of the total permanganate had been added 
For Borne time thereafter the heat developed by the reaction sufficed to keep 
the liquid boiling at atmospheric pressure , but after about three-quarters of 
the whole permanganate had been added, it became necessary again to apply 
heat externally in order to maintain it so The whole operation of adding 
the permanganate usually oxtended over 2 to 3 hours 

The heating was (ontinued after the last addition of the permanganate until 
its colour had bet n discharged , wheioupon the precipitated manganese hydroxide 
was removed fiom the hot medium b\ filtration, and the gelatinous mass 
of the liydioxide subsequently will pressed and thoroughly washed and 
extracted with I toiling water 

The lesulting t It ar alkaline solution (i e , filtrate plus washings, ete ) having 
been concentrated by evaporation to a convenient bulk, an amount of sulphuric 
acid (suitably diluted) theoretically xequired to convert all the potassium 
present into sulphate was gradually added, care being taken to prevent escape 
of any volatile oigame acid (e q , acetic acid) during the operation, which was 
maikc d by a iopious < volution of carbon dioxide The resulting acid liquid so 
produced was mxt steam distilhd for r< moval of any volatile organic acids, 
and the latter then recovered fiom the distillate by suitable means, which 
nped not he here described 

Tilt solution of non volatile acids was finally evaporated to dryness m a 
steam bith, and the hvgtoseopic residue of potassium sulphate plus organic 
acids was then ground to a suitable degree of fineness, dried at 80° C , and 
a pressure of circa one-iiftli atmosphere and finally extracted with (a) ether 
and ( b) acetone successively in a Soxlilet apparatus 

The i rude mist lire of non volitile u< ids leeovered in the usual way from the 
“lined ithereal or ac< tone solution burned a pale yellow to yellowish- 
brown crystalline mass wlut h was afterwaids Hiihp cted to prolonged investiga¬ 
tion with the object of isolating and identifying its print lpil < onstituents 
This crude mixture of acids contained a small piopoition of oxalic uid which, 
however, was subsequently estimated and removed bv suitiblc means 
The residual potassium sulphate after the foregoing extraction still contained 
the greater part of the oxalic at id produced by the oxidation , it was therefore 
dissolved m water and the oxalic acid recovered from the solution as calcium 
oxalate and finally converted mto its methyl ester 

Yields of Oxidation Products —The following figures will give an idea of the 
yields of the various acids already referred to obtained in typical oxidation 
experiments with the coal residues under investigation , they are given as 
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parts by weight formed by 100 parts of the dry-ashless coal residue used in 
each case 

| Puri* liy weight per 100 of toal roxidue 

(.Initiation of rtaidne from | i | 

| Volatile aeetii Oxalic ( nule bcnzcnoid 

I mid, et< j nod | at itla 

13 2 
47 3 
41 8 
40 0 
43 2 


Morwell brown < oal 
Eatevan brown ligmtt 
Busty < oal 
Witbank ” omd 
Canmore t oal 


4 II 10 3 
0 8 21 4 
3 3 20 8 
r> o 15 « 

32 35 35 


It should be noted that ( 1 ) the term aietu acid ” tn the foregoing possibly 
may have included small proportions of higher fatty acids, although none were 
ever actually found ill the steam volatile ” monobasic arids (n) that the 
‘ oxalic acid” was quite pure and anhydrous, and (m) among the inule 
ben7onoid adds ” in the third column, wluc h consisted almost wliollv of brim ne 
carboxylic acids, might be in< hided lneonsiderablt amounts of succinic and 
in some cases Indeed no other aud« than these were ever detected or isolated , 
for although we had rather expected to find some adipic acid among the 
oxidation products, wc never actually did 

The Mixture of ('rude Benzevmd Ands 
Ultimate analyses of the irudt henmioid acids” (almost freed from 
oxalic aoul m each case) obtained by the oxidation of the benrene extracted 
4 residues from Morwell Brown (’oal and Busty Coal, icspictivcly resulted 
as follows — 



Morwell ’ 

‘ Busty ’ 
acids 

Mean 


Per cent 

Per cent 

Per cent 


50 9 

49 « 

5(1 25 

Hydrogen 

3 25 

2 9 

3 07 

Oxygen (by difference) 

45 85 

47 5 

40 98 

Ratio C/H 

15 7 

17 1 

16 4 


The foregoing figures accorded well with the subsequent detailed examination 
of the crude acids, which resulted m the isolation of nothing but benrene 
carboxylic acids whose equivalents and ultimate compositions are shown in 
Table I The figures pertaining to our crude benzenoid acids- which it will 
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Table 1 - -Showing Ultimate Compoaitions of Auds 


Acid 

Kqui 

valent 

Carbon 

Hydrogen 

Oxygen 

Ratio 

C/H 

Ratio 

O/H 

lknzcm dlcurboxylic 

8J 

por tent 

57 82 

por cent 

3 84 

percent 

J8 54 

18 

10 7 

Ben/* no tricarboxylic 

70 

51 41 

2 85 

45 74 

18 

1(S 

Benzene tetracarboxyhc 

*>J 5 

47 26 

2 JO 

50 JO 

20 

21 1 

Benzene pcntacarboxytn 

50 0 

44 30 

2 01 

oj 80 

22 

20 7 

Jknzcm hcxucarhoxylii 

57 

42 10 

1 75 

50 15 

24 

12 

Oxalic 

l r > 

20 05 

2 22 

71 1J 

12 

J2 

•but time 

59 

40 07 

5 08 

JJ 25 

8 

10 1 

Clutauu 

*10 

45 45 

0 05 

48 50 

7 5 

8 

Adipic 

71 

40 JO 

8 15 

44 35 

7 2 

8 4 

Azelaic 

80 

62 50 

7 50 

40 00 

7 0 

5 1 

Suberic 

87 

55 20 

8 05 

36 75 

6 85 

4 6 

( H, COOH I 







in COOH l 

78 7 

40 00 

4 61 

64 51 

0 

12 

I h toon J 







CH, ( 00H "| 







(l11 COOH) L 

>8 5 

41 OJ 

4 27 

54 70 

0 8 

13 

I'Hj coon J 







ch coon ' 







(CH COOH) 3 . 

08 4 

41 10 

4 11 

54 70 

10 

1J J 

GH„ ( OOH 







CH, ( OOH * 







(CH. COOH), > 

58 J 

41 14 

4 00 

54 Mi 

10 J 

1J 5 

CH, COOH 







CH, < OOH ' 







(CH COOH), . 

Ah, cooh 

58 1 

41 18 

3 02 

54 00 

10 5 

14 0 

CH, COOH • 







(^H COOH), • 

£h, COOH 

68 2 

41 20 

3 80 

54 04 

10 7 

14 2 





492 W A. Bone, L Horton and 8 G Ward 

be seen were v i>ry near to thorn 1 for benzene tricarboxylic acid— should also 
lx compart d with tlioBe for the di- and tn-basio saturated open chain acids 
included m the table, when it will be set'll also that the C/H ratios found for 
tin nude acids wm fai higher than would bo required for any mixture of 
the foregoing open-chain iu ids 

Tin “ equivalents ” of the ‘nude benzenoid adds’ obtained from the 
‘ Moiwell ” and Busty coals were found to lit 77 5 anil 76 7 respectively, 
or rather higher than tin 1 70 tin oictically rc quu< d foi a benzene tricarboxylic 
acid, to which the mean ultimate composition of tin crude aculs closely 
approximattd This hd us to suspect the prixciicc among the ciude acids of 
a small propoition of some crystalline and more comph \ thm any bnizme 
carboxylic acid, it, of some crystalline uul coal oxidation product mter- 
mediatt helwnn the colloidal humic acids” and tin crystallmi hnizenc 
caiboxyhc acids This suspicion was cnnfumtd whin it was subsequently 
found that on submitting the crude bm/enoid and mixture to the action of 
warm alkaline permanganate some slight oxidation occurred, and on the 
crystalline acid being recoveicd almost quantitative l\ its equivalent ” was 
found to have fallen to 71, oi almost to that requited foi beuznu tricarboxylic 
acid 

In this connection it should perhaps be mentioned that trial experiments 
had shown that, when pure, neither oxalic and nor any of the* benzene carboxylic 
acids underwent appreciable oxidation on being lioiled with alkaline perman¬ 
ganate solution of the strength employed duiuig this research 

Therefore, from the analytical results obtained with the nudi benzenoid 
acids we think there can be little doubt but that- apart from their pismbly 
containing some trace of oxalic acid, up to l per cent of succinic acid, and 
probably also small amounts of some much more complex crystalline acid of 
benzenoid type intermediate between them and colloidal “ humic acids ’— 
they were almost wholly composed of benzene c arboxylic acids of mean com¬ 
position closely approximating to that of a benzene tricaiboxyho acul 

Carbon Balance of the Oxidation - Besides determining the weight yields of 
the principal organic acids produced during the oxidation, we earned out 
special experiments each with 10-grara portions of dry “ residues ” from the 
bt nzene-pressure-extractiou of the “ Morwell ” and “ Busty ” coals with the 
object of determining the distribution of their carbon contents among the 
various oxidation products Care was taken not only to use a high KOH/Coal 
ratio (16), but also to add the permanganate very slowly and as a solution to 
the alkaline medium in which the coal substance was suspended, such being 
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tho conditions most conducive to smooth working We were thus enabled to 
account for practically the whole of the,original carbon in each case, as the 
following figures indicate — 


OnuiUttl cm 
mibstamo u 


Carbonic unhytlrid 
Acetic acid 
Oxalic aud 
Succinic tv id 
Bonzenoid acidw 

Total act. 


r l 

Morwell 

j Busty 


Pi r te„l 

Percent 


41 1 

12 4 


7 7 

« 7 



Nil 


J7 1 

IK 8 


011 7 

99 4 


That two coals so diffeiuit in geological ag<, geographicil omunim and 
i hemical matunty aB tin bc arc - the one an immature tertiary blown coal from 
Australia and the other a well matured Durham bituminous coal of taibom 
ferouB origin—m indeed very lemarkablc, showing as it does tho i sscntial 
constancy of the chemical structure of the main “ < oal substam t ” notwith¬ 
standing difTercnces in giological age and matin lty 
Also, seeing that in each case the ultimate composition of the mi xturo of ci tide 
bon/enoid acids closdy approximated to that of benzene tncaiboxylic acid, 
two-thirds of whose carbon atoms form the benzene ring, it may he cone luded 
that in each case nearly one third of the caibon originally present in the coal 
substance appeared as (_Vrmgs m the oxidation products 

Detailed Investigation of the (Jiganu 1 ctds pioduccd bg the (Jjidalion 
The detailed investigation of the complt x mixture of at ids produced by (he 
oxidation was a long, diflicult and laborious matter, but eventually it was 
completed in the case of three of the coals investigated, in the other tw o 
cases it was taken sufficiently far to show that, had it been completed, the 
results would not have differed materially from those in the other three 
cases 

The procedure adopted varied somiwhat in different cases, and to describe 
it all in detail would serve no useful purpose We will, therefore, take the 
case of the Morwell coal oxidation acids as typical, and outliui the procedure 
adopted in examining them , it may be assumed that in principle similar pro¬ 
cedures were adopted m other cases 
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Oadatum Products from Morwell Coal —The general procedure la shown dia- 
grammatically as follows 


COAL RESIBur 

OXIDISED WITH ALK^INE PERMANGANATE 
ALKALINE fTLTRATE 



Fust of all, any ‘ volatile ” auds present (practically all acetic and) were 
removed by steam distillation as already described The distillate was then 
neutralised with sodium hydroxide, and the solution of sodium salts obtained 
evaporated to dryness The dry salts wore then treated in suspension in 
ether with phosphorus pentachlonde, and the resulting acid-chloride solution 
was treated with an ethereal solution of p-toluidine The p-toluidides so 
formed were subsequently fractionally crystallised from a suitable solvent 
As only acet-p-fcoluidide (found mp 147 5° C , C = 72 88, H = 7 7 per cent 
required for C 9 H u ON, m p 147 5° C, C = 72 47, H = 7 38 per cent) could 
be isolated, it was concluded that the “ volatile acids ” were almost entirely 
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composed of acetic acid The same applied to the oxidation products of all 
the other coals examined, the yields of acetic acid varying between 2 and 7 
per cent of the weight of coal substance originally taken 

The aqueous solution of the “ non-volatile ” acids plus potassium sulphate 
having been evaporated, and the residue dried under reduced pressure, it was 
powdered and then thoroughly extracted with (o) ether and ( b) acetone 
successively In drying the residue care was taken to ensure the elimination 
as far as possible of water of crystallisation from any oxalic acid present, because 
of CjH s 0 4 2HjO being much more soluble in ether than the anhydrous acid 
Provided such precautions were taken, most of the oxalic acid was left un¬ 
extracted, though a little passed into solution The unextracted oxalic acid 
was subsequently separated out as calcium salt CaC a 0 4 -f H s O which, after 
re-precipitation from acetic acid solution was finally converted into the methyl 
ester, and the last-named identified by its melting point and a mixed melting 
point with an authentic specimen of methyl oxalate The calcium salt was 
also analysed (Ca = 27 25, as compared with the theoretical 27 43 per cent) 

The mixture of ether and acetone extracted non-volatile acids was cooled to 
0° C and dissolved in a similarly cooled concentrated solution of ammonium 
hydroxide (0 880), the operation being earned out in well-cooled vessels at a 
low temperature In this way ammonium mellitate together with (may be) 
a little ammonium oxalate (both of which are spanngly soluble m strong 
ammonium hydroxide at 0® C ) separated out from the other much more 
soluble ammonium salts This procedure was found to be an excellent way of 
freeing the ether soluble acids from any oxalio acid which they might contain, 
the amount so present depending on the extent to which the oxalic acid had 
been dehydrated before the ether extraction Indeed we found that either 
nearly all, or only part, or even none of the oxalic acid may appear m the 
ether soluble acids according to the thoroughness of the previous drying 
operation 

In cases where the previous drying had been completed, the insbiuble 
ammonium Balts were found to consist mainly, if not wholly, of ammonium 
mellitate (benzene hexacarboxylate), albeit in cases where ammonia gas 
had been passed into the cold liquid to replace that lost by evaporation 
during the operation described in the previous paragraph, some ammonium 
benzene pentacarboxylate might also have been present It was found 
inadvisable to allow the insoluble ammonium salts to become too dry for fear 
of some mude formation 

The solution of soluble ammonium salts was first boiled until free from excess 

vou cxxvn —a 2 k 
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of ammonia, and then cooled and exactly neutralised with ammonia During 
the boiling not only was all the free ammonia expelled, but also some more 
was eliminated owing to partial dissociation of ammonium salts, hence the 
need of subsequent exact neutralisation of the cold solution To the cold 
neutral solution of ammonium salts was added slight excess of a solution of 
silver nitrate, whereby insoluble silver salts were precipitated These were 
separated by filtration, washed with water and then dried The dried mixture 
of silver salts was subsequently converted into methyl esters by refluxing 
them with excess of methyl iodide in dry ethereal solution 

The filtrates and washings from the so precipitated insoluble sdver salts 
were found to contain in solution small amounts of silver salts which, however, 
•on subsequent examination were found to be the same as the precipitated silver 
salts, and merely representing the small unprecipitated part thereof, the silver 
salts as a whole being very “ sparingly soluble,” but, not absolutely insoluble, 
m water 

The mixture of methyl esters obtained from the precipitated silver salts 
consisted of both neutral and acid esters*, these were separated by the usual 
method, any acid ester subsequently converted as far us possible mto neutral 
asters, vui silver salts •+• methyl iodide Finally, having got them for the 
most part as neutral esters, the latter wero fractionally distilled under as law 
a pressure as passible (starting at 13 and finishing up at 1 mm ) some of the 
fractions Is mg subsequently refractionatcd The “fractionation scheme” 
is detailed on p 494 and need not be further described Jt will lie noticed that 
the successive fractious distilled over a temperature range commencing at 
40° (’ (p — 12 to 13 nun ) and extended up to 200° C (p — 3 mm ), the dis¬ 
tillation being stopped at that temperature for fear of decomposition setting in, 
leaving a residue, usually amounting to about one-fifth of the whole, which 
had not distilled over 

The vanouB successive ester fractions, as well as the residue so obtained, were 
all submitted separately to close investigation In some cases, methyl eaters 
crystallised out and could be isolated, purified, analysed and separately hydro¬ 
lysed to the corresponding acids Otherwise the ester fractions and/or 
uncrystalliaed parts thereof were separately hydrolysed to the corresponding 
acids which were then recrystallised from suitable solvents (usually mixtures of 
acetone and chloroform, but occasionally either dry ether or other media) 
and afterwards identified by (a) melting points, ultimate analyses and 
determinations of “ equivalents,” (b) direct comparisons with authentic speci¬ 
mens, including “ mixed melting points ” wherever possible, (c) conversions 
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into crystalline methyl esters, and subsequent analyses and comparison thereof 
with authentic specimens 

It should be stated that the silver iodide precipitated during the esterifica¬ 
tion of the mixed insoluble silver salts by means of methyl iodide was always 
boiled with hydrochloric acid solution with a view to hydrolysing and removing 
any esters adsorbed therein Any acids so obtained were subsequently re¬ 
converted into their neutral methyl esters which were added to, and fractionated 
with, the main bulk of the methyl esters 

The foregoing procedure, together with the isolation, purification and 
identification of the various acids resulting therefrom, necessarily occupied 
several months in each case , but eventually, in the case of three of the coal- 
residues under investigation, it was successfully carried to completion, every 
part of the aud oxidation product being thoroughly examined It may be 
that, notwithstanding the searching character of the investigation and all 
care bestowed upon the various operations involved, some constituents of the 
acid products were overlooked, but we think that at any rate all the more 
important and conspicuous acids present in the crude oxidation products were 
identified as far as was possible in the circumstances 


Acids isolated from the Oxidation Products of Mot well, Estevan and Busty 
Coal Residues 

The list of acids actually isolated, purified and identified m the three cases 
where the investigation and refinement of the crude oxidation products were 
completed was as follows* - - 


* For readers unfamiliar with the nomenclature of organic acids it may be explained 
that — 

Phthalio "1 f ortho'l 

Isophthalio V acids =■■< meta V benzene dicarboxylio acids, respectively 
Terephthalio J (_para J 

Hemimellltio acid = 1 2 S') 

Trimellitio acid =12 4 t benzene tricarboxylic acids. 

Tnmesio acid = 1 3 S J 

:! I » -a. 

Mellltio acid = benzene hexacarboxylio add. 


2 E 2 
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Oxidation of residue from— 


Estevan brown lignite Busty coking coal 


Morwell brown coal 

Carbonic anhydride 
Acetic 
Oxalic 
Succinic 
Phthahc 
Isophthalic 
Terephthahc 
Hcmimelhtic 
Trimellitic 

Mellophamc 

Pyromellitic 

Benzene-penta- 

carboxylic 

Mellitic 


Carbomc anhydride 
Acetic 
Oxalic 
Suck mic 
Phthahc 
Isophthalic 
Terephthahc 
Hemimellitic 
Trimellitic 
Tnmesic 
Mellophamc 
Pyromellitic 
Benzene-penta- 
carboxylic 
Mellitic 


Carbomc anhydride 
Acetic 
Oxalic 

Phthahc 

Isophthalic 

Terephthahc 

Trimellitic 

Mellophamc 

Pyromellitic 

Benzene-penta- 

carboxylu 

Mellitic 


The accompanying Table II summarises how each acid was identified 

It was thus proved that on oxidation all these coal residues had yielded 
carbomc anhydride, acetic, oxalic, the three phthahc, trimellitic, pyromellitic, 
mellophamc, benzene pentacarboxybc, and mellitic acids, that two others 
had also yielded both succinic and hemimellitic acids , while the Estevan 
coal residue had yielded tnmesic acid in addition to all the others Indeed 
from one or other of the three coal residues there had been obtained every 
possible benzene carboxylic acid except benzoic and the 1 2 3 4 tetra- 
carboxylic acid, while the Estevan residue had yielded every one of the ten 
benzene carboxylic acids actually obtained And, with regard to the yields, 
it may be said that some 1 7 to 3 8 per cent of the carbon in the original coal 
residues appeared as acetic acid and some 6 to 8 per cent as oxalic acid , 
that the proportion appearing as succinic was undoubtedly small, so far as 
could be judged not more than 0 8 per cent of the whole , and that something 
between 45 and 50 per cent appeared as benzenoid acids, although it is difficult 
to say which of them predominated 

As already stated, it is impossible for us to say whether any other acids 
present in the oxidation products had escaped detection and isolation during 



Table II —Acids obtained by the Alkaline Permanganate Oxidation of Morwell, Estevan, and Busty Coal Residues 
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The methyl esters referred to 
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the long and tedious senes of operations involved m our examination , but 
even if some did we feel sure that the quantities would be quite small And 
we tlnnk it significant that, with the exception of a small proportion of succinic 
in two cases, nothing but benzene carboxylic acids were isolated from the 
oxalic-free mixture of the ether and acetone-soluble non-volatile acids, the 
mean ultimate composition of which (q v ) approximated to that of benzene 
tricarboxylic acid Moreover, it should be noted that no acid containing more 
than one Cg-riug was ever isolated 

We therefore feel justified in concluding that by far the most part of the 
oxalic-free, ether and acetone-soluble non-volatile acids were benzenoid 
acids , and seeing that these represented some 45 to 50 per cent of the carbon 
originally contained m the coal residue treated (which “ residue ” = from 85 
to 98 per cent of the whole coal substance), the significance of this fact in 
regard to the chemical constitution of coal scarcely needs emphasising 

Examination of the Crude Acids obtained by the Oxidation of the Witbank 
and Canmore Coal Residues 

The permanganate oxidation of the benzene-pressure extraction residues 
from Witbank and Canmore coals was carried out in much the same way, 
and with much the same results, as in the three previous oases 
It was not considered necessary, however, to examine exhaustively the 
crude acids obtained, but only so far as was needed to ostabbsh their essential 
similarity to those obtained from the three coal residues previously investigated 
Following much the same procedure as that already outlined, from the crude 
oxidation products of the Witbank coal residue acetic, oxalic, phthahe, 
mellophamc, pyromelhtic, benzene pentacarboxylio and mellitic acids were 
^olated and identified, while the crude oxidation products from the Canmore 
residue were found to contain (inter aha) acetic, oxalic, phthahe, terephthahe, 
mellophamc, benzene pentacarboxykc and mellitic acids There can be httle 
doubt of the practical identity of the oxidation products from these two coal 
residues with those previously derived from the Morwcll, Estcvan, and Busty 
residues 

Step-mse Oxidation of the Mam Coal Substance 
Having thus determined the nature of the complex acid produots derived 
from the alkaline permanganate oxidation of typioal coal residues, when the 
KMn0 4 /Coal weight ratio was somewhere between c a and e p (vide p 487) 
it now seemed of interest to explore what would happen if and when the 
KMn0 4 /Coal weight ratio were progressively reduced downwards starting 
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from a point just below the c a ratio and continuing until it had reachod 
unity 

With such object in view a series of experiments was made with the 
“ residues ” from Estevan and Busty coals, respectively The general 
method employed was to oxidise a given weight (10 grams) of the pulverised 
coaLresidue, suspended in an alkaline (KOH) solution of proper strength, by 
means of a variable weight ratio of the potassium permanganate, the operation 
being started at about 70° C but chiefly conducted at the boiling point of the 
medium at atmospheric pressure The acid oxidation products were subse¬ 
quently recovered and separated into steam-volatile (acetic) acid, oxalic acid 
and ether- and acetone-soluble acids, much as in previous cases , but beyond 
satisfying ourselves that the ether- and acetone-soluble acids were essentially 
ben/enoid in character, they were not further investigated The weight 
yields of each category of acids were, however, always determined 

It was found possible in each case to find a “ critical ” KMnO i /C , oal ratio 
(somewhere above 8) at which all (or nearly so) of the coal substance could 
be oxidised to carbonic anhydride and crystalline organic acids only, without 
the formation of any colloidal humic acids, but so that on diminution of the 
KMn0 4 /Coal ratio the last named appeared m the products 
In carrying out our experiments with the said “ cntioal ” KMn0 4 /('oal ratio, 
the latter was progressively diminished in successive experiments until it fell 
to unity And m each case, the proportions of the resulting (i) unoxidised 
coal residue (n) humic acids, (iu) acetic, (iv) oxalic, and (v) ether- and 
acetone-soluble (“ bcnrenoid ”) aoids were ditermined 

Without going into unnecessary details, the following arc the tabulated 
summarised results of these experiments — 


(a) With Estevan Coal residue 




Weight yields per 100 of coal si 

j bounce taken 


h.MnO|/Ooul 

Unchanged 

coal 

substance 

Humic 

Benzciuud 

Oxalic 

A _ ( .„ 


acids 

acids 

acid 

acd 

8 25 

Nil 

1 45 

50 2 

21 4 

s e 

7 0 

3 9 

4 0 

54 9 

19 2 

4 8 

5 0 

5 6 

37 0 

33 6 

12 4 

3 8 

3 0 

20 9 

45 3 

24 6 

5 0 

3 1 

1 0 

02 2 

27 9 

18 2 

1 2 

3 4 

Nil* 

92 7 

10 4 

3 4 

Nil 

1 5 


* This blank experiment was made to ascertain the eCeete of suspending the coal substance 
in a boiling alkali-solution of the same strength os that wed in the experiments. 
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(b) With Busty Goal residue 



Weight yields per 100 of coal residue taken 

KMnOJCoal 

ratio 

Unchanged 

substance 

Humic 

Bonus mud 

Oxalic 

Aoctlc 


'“ id “ 

acKls 

acid 

acid 

8 1 

t 4 

Nil 

40 8 

17 0 

2 0 

7 0 

10 85 

HI l 

51 0 

20 0 

2 1 


12 4 

24 1 

(5 1 

13 2 

2 4 

3 0 

5(1 1 

27 8 

21 0 

8 0 

1 0 

1 0 

81 9 

10 9 

0 0 

1 05 

0 0 

Nil 

100 0 

Nil 

Nil 

Nil 

Nil 


It is thus seen that not onlyan colloidal “humic acids’’ mtcimediately produced 
during the permanganate oxidation of the coal substance, but in the case of 
an immature brown coal some may be present originally 

In order better to view the foregoing results in the proper perspective, 
however, it is advisable to disregard the “ unchanged coal substance ” remain¬ 
ing after each experiment and to express them in terms of the “ coal substance ” 
actually changed in each case , and this is shown in the following tables — 


(c) With Kstevan Coal residue 


KMn0 4 /Coal 

ratio 

| Weight yields per 100 t 

of coal substance o 

ndised 

Humio 

Benzenoid 

0 ratio 

acid 

8 25 

1 45 

50 2 

21 4 

5 6 ' 

7 0 

4 15 

57 15 

20 0 

5 0 

6 0 

39 2 

35 55 

13 1 

4 0 

3 0 

57 2 

JO 9 

6 8 

J 9 

1 0 

58 4 

38 1 

2 5 

7 1 


(d) With Busty Coal residue 


Weight yield* per 100 of ooal substance oxidised 


KMn0 4 /Coal 

ratio 

Humio 

adds 

Benzenoid 

adds 

Oxalic 

add 

Acetic 

add 

8 1 

Nil 

48 9 ; 

17 8 

2 72 

7 0 

21 4 

57 1 

22 4 

2 35 

5 0 

36 1 

52 1 

19 5 

3 6 

8 0 

68 3 

62 3 

18 8 

4 88 

1 0 

60 3 

88 2 

10 7 

4 96 
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Taken as a whole these results showed that most probably the colloidal 
“ humio acids ” are the initial oxidation products, the simpler crystalline 
benzenoid and oxalic acids subsequently arising from their further oxidation 

Oxidation of the Intermediate Humic Acids 
The foregomg conclusion was confirmed by the results of a later senes of 
experiments in which the “ humic acids ” in question were isolated free from 
the other oxidation products and then further oxidised by suitable proportions 
of alkaline permanganate, acetic, oxalic, succinic and various benzene 
carboxylic acids were thus obtained 

The “ humic acids ” were first of all obtained by the partial oxidation of 
“ Estcvan ” coal residue by means of a suitable proportion of alkaline per¬ 
manganate solution at its boiling point (KMn0 4 /Coal residue =3 1) The 
precipitated hydrated manganese oxides having been removed by filtration, 
the colloidal humic acids were precipitated from the clear alkaline solution 
of potassium salts on acidification by means of dilute sulphuric acid , they 
were then thoroughly washed and redissolved m a slight excess of potassium 
hydroxide solution, from which they were re-precipitated by means of dilute 
sulphuric acid, and afterwards thoroughly washed with hot distilled water 
until practically free from adsorbed salts 
The acids were next dnod, first of all m an oven at 80° and then m vacuo 
at room temperature over sulphuric acid, the ultimate composition of the 
dried acids was 

C = 5b 7, H = 3 35, N = 1 2,8-0 6, and O = 38 15 per cent 
About 60 grams of the so dried humic acids were oxidised by means of a suitable 
proportion of boiling alkaline permanganate (KMn0 4 /Humic acid — 5 1) 
in our usual manner, and the resulting acid oxidation products subsequently 
separated and estimated as already described These consisted of acetic, 
oxalic, succinic and benzenoid acids in the following proportions per 100 by 
weight of the original humic acids — 

Weight yield per 100 of 
Acid “ humic acid ” 

Acetic 2 9 

Oxalic 17 7 

Succinic 1 0 

Benzenoid acids 62 0 

From the crude benzenoid acids were isolated terephthakc, mellophamc, 
pyromellitio, benzene pentacarboxyhc and melhtic acids 
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Weight Ratios of Acid Oxidation Products 
The striking fact that two such different coals as the Morwell brown coal and 
the strongly coking Busty bituminous coal when similarly oxidised yielded 
nearly the same proportion of acetic, oxalic, and benzenoid acids, respectively, 
has already been commented upon , but there remains the further question as 
to whether these products arise simultaneously or independently during the 
oxidation 

This point may be considered by reference to the benzenoid/oxalic and 
bcnzenoid/acetic acid ratios formed in the products at the different degrees of 
oxidation attained m our “ step-wise ” experiments (p 502) Commencing 
with the least and passing onwards to the greatest degree of oxidation attained 
in each case, these were as follows — 

\V eight ratios 

Estevau coal residue— 


Benzenoid /oxalic 

15 2 

4 55 

2 71 

2 85 

2 35 

Benzenoid /acetic 

5 35 

7 92 

8 87 

11 43 

8 9b 

Busty coal residue 

Benzenoid/oxalic 

3 1 

2 87 

2 67 

2 55 

2 75 

Benzenoid/acetic 

6 85 

12 1 

14 5 

24 3 

17 98 


Although the significance of these ratios, subject as they undoubtedly arc 
to a fair margin of experimental error, ought not to be undid} stressed, it may 
be noted that, except during the initial stages of the oxidation of the Estevau 
residue, there was a marked tendency for the benzenoid /oxalic ratios to be 
fairly constant (e g , between 2 35 and 3 1) throughout, as though the benzenoid 
and oxalic acids were arising simultaneously from a common source The 
constancy of the ratio throughout the “ Busty ” experiments is remarkable 
and could scarcely have been a mere coincidence , m the case of the “ Estevan ” 
experiments, it seems likely that the higher ratio during the earlier oxidation 
phases may be due to the original coal substance already containing (as the 
“ blank ” experiments showed) some '3 4 per cent of benzenoid acids 

In this connection it should be noted that the benzenoid /oxalic acid ratio 
observed in the case of the further oxidation of the humic acid prepared from 
the Estevan coal residue was 3 5, while the corresponding benzenoid/acetio 
acid ratio was 21 4 

The absence of any constancy in the benzenoid/acetic acid ratiOB in the fore" 
going cases makes it difficult to say whether or not all the acetic acid arose 



Researches on Chemistry oj Coal. 


507 


simultaneously with the benzenoid acids , but that some of it does is proved 
by the experiments upon the oxidation of the humic acidB intermediately 
found for the EBtevan residue 

Therefore on the evidence so far available, and pending further exploration 
of the subject, we are inclined to view the oxidation of the original coal residue 
as proceeding in accordance with the following provisional scheme 

fPossibly 
I Intermediate 

Coal substance —•' Humic acids—' •< ., . „ 

I t rystalline 

I Acids 

Further experimental work will, however, be required liefore any final con¬ 
clusion would be justified , and as we have the matter now well in hand, we 
will reserve further discussion of it for a future communication 

Oxidation oj the Benzene Pressure-Extracts 

Having dealt with the permanganate oxidation of the “ residues ” from the 
benzene-pressure-extraction of the various coals under investigation—and 
which constituted from 85 to 98 5 per cent of their whole “ coal substance ”— 
a short statement may now be added as to what we have already estabbshed 
regarding the constitution of our various fractions of the benzene-pressure- 
extracts 

Reference to Part V hereof will show that the benzene-pressure-extracts 
from Morwell brown coal and the Estevan brown lignite, though differing in 
amounts (namely, 15 0 and 4 5 per cent respectively), were practically alike 
in their chemical character, in that each could lie fractionated into similar 
proportions of ( 1 ) neutral oils soluble in light petroleum, (u) neutral amorphous 
powder insoluble in light petroleum, (m) phenolic esters, and (iv) phenols 
In the case of the Morwell coal two-thirds, and in the case of the Estevan coal 
57 per cent, of the crude extract was composed of phenols and phenobo esters, 
and was therefore benzenoid in structure 

In the case of the well-matured Busty bituminous coking-coal, the crudo 
extract, which amounted to 15 C per cent of the dry-ashless coal-substance, 
contained neither phenols nor phenolic esters, these being replaced by a large 
fraction (IV) of a nitrogenous amorphous solid of high softening point, 
which represented 9 6 per cent of the original coal substance and was respon¬ 
sible for the strong coking propensities of the coal The remainder of the crude 
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extract was of chemically similar character to the “ neutral oils ” obtained 
from the two brown coals 

It therefore seemed probable that the gradual development of “ coking 
propensities ” in coals has been due to “ condensations ” of phenolic with 
aldehydic and amino bodies in the coal substance during the long maturing 
process 

This view of the matter has received further support from some recent 
experiments in our laboratories in which Fraction IV of the crude benzene- 
pressure extract from the Busty coking coal was oxidised by means of 
solutions of chiotnio acid and alkaline permanganate, successively apphed 
yielding 2 4 parts of acetic, 24 parts of oxalic and 62 parts of bpn/cnoid acids 
per 100 parts by weight of tlie original Fraction IV taken 
It would therefore appear that the constituents which aie mainly responsible 
for the “ coking propensities ” of bituminous coals, like the mam coal-substance 
itself are also substantially benzenoid m character 

The Oxidation of Carbonised Materials 

During the later stages of our work, we have begun investigating the effects 
of a progressive carbonisation of our coal residues upon the relative yields 
of the various permanganate oxidation products, and although this part of 
the investigation is not yet completed it has advanced far enough to enable the 
following preliminary statement of results to be made 
The experimental method has been (l) to carbonise the coal-residue out of 
contact with air to a steady state (such that no further volatile matter was 
expelled from it) at various selected temperatures up to about 1000°, and 
then (u) to oxidise each so carbonised material with a suitable proportion of 
potassium permanganate m a boiling alkaline medium The oxidising pro¬ 
cedure required longer tune the more the material had been carbonised , also, 
as the carbonising temperature was progressively raised beyond a certain point 
the carbonised product became progressively less oxidisable, although evidence 
was obtained that it was only a question of tune for all of it to become oxidised 
We found it advisable, however, in experimenting with highly carbonised 
materials, to suspend the oxidation before the whole of it had been completed, 
some of the original material being recovered at the end of the experiment 
As typical examples of the results to date, we have selected the following 
obtained with the progressively carbonised Estevan and Busty coal residues, 
respectively, which are tabulated below — 
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Carbonisation 

Weight yields per 100 of the dry ashless carbonised residues 

temperature 

Unchanged ! 
j matt rial 

Bensenoid 

acids 

Oxalic 

Acetic 

C° 

Original residue 

Nil 

47 3 

23 S 

6 8* 

unoarbomsed 

170 

Nil 

nn 7 

17 6 

3 5 

610 

Nil 

62 1 

17 6 

1 0 

670 

16 3 

61 6 

10 2 

0 2 

830 

21 2 

37 8 

4 6 

0 1 

1000 

60 1 

22 0 

1 3 

Nil 

or in terms of 100 parts of the material actually oxidised in eaoh 

case — 

670 

_ 

73 6 

12 1 

0 2 

830 


48 0 

6 7 

0 1 

10CK) 


44 0 

’* 

Nil 


• These results are included merely as a basis of comparison with those obtained with the 
various carbonised residues 


(b) With Busty Coal residue 


Carbonisation 

Weight yields per 100 of the dry ashless carbonised residue 
taken 

temperature 

Unchanged 

material 

Benxenoid 

acids 

Oxalic 

acid 

Aoetlo 

acid 

C* 

Original residue 

Nil 

41 7 

20 8 

3 3* 

uncarbonised 

370 

3 4 

86 0 

11 3 

2 6 

610 

46 6 

61 6 

7 8 

0 5 

636 

66 7 

30 5 

4 2 

0 1 

860 

62 4 

30 2 

1 4 

Trace 

005 

74 7 

17 0 

1 26 

Nil 


n terms of 100 par 

ts of the material 

artually oxidised ■ 

- 
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115 7 I 

14 4 

0 0 

636 


91 2 

9 7 

0 2 

860 


63 6 

3 0 

Trace 

096 


67 3 

4 9 

Nil 


* Sec footnote to Tabic (a) 


It will be observed that, in each case, as might be expected, the yields of 
“ benzenoid acids ” increased with the (arbonisation temperature up to a 
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certain point, probably between 500 and 600° C , where they were a maximum, 
and afterwards progressively diminished , but even with material which had 
been fully carbonised at 1000° C, considerable yields of benzenoid acids 
resulted, pointing to part of the resulting coke having retained its C«-rmg 
structure And it is conceivable that what is sometimes termed the “ re¬ 
activity ” of suth a coke may depend on the proportion of (Yrings comprising 
jts structure 

With Wood Charcoal —We have also made an experiment with a sample of 
wood charcoal, whose ultimate “ dry-ashless ” composition was — 

C — 82 3, H = 3 5, N = 0 45, 8 = 0 35, and O ■= 13 4 per cent 
This material was quite easily oxidised by the boiling alkaline permanganate 
medium, going wholly into solution, and ultimately yielding 59 parts of benze¬ 
noid acids (from which, inter aha, phthahe, benzene penta- and hexa-carboxylic 
acids have been isolated and identified), 4 2 parts of oxalic and 2 1 parts of 
acetic acid per 100 parts of the dry-ashless material taken 

Carbons —We are also experimenting with various forms of “ carbon,” 
including graphite and the flocculent rarbon deposited bv the catalytic decom¬ 
position of carbonic oxide 2CO “it C 4* G'O g at 450° C in contact with oxides 
of iron , but the results are not yet far advanced enough for publication, and 
therefore must be reserved for a future communication 

The experimental exploration of the many questions opened up by the fore¬ 
going results is being continued in our laboratories with a view to elucidating 
further the chemical constitution of coal 

In conclusion we desire to thank Dr C D Lawrence, and Mr J Taylor, 
M Sc, for valuable assistance in some of the experiments, as also the Fuel 
Research Board of the Department of Scientific and Industrial Research for 
generous annual grants out of which the principal expenses of the work, including 
personal grants to two of us and Dr Lawrence, have been defrayed 
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The Interaction of Oxygen north Nitrogen after Collision with 
Electrons 

By 0 H Wansbrouoh-Jones, Ramsay Memorial Research Fellow 
(Communicated by T M Lowry, F R S —Received November 28, 1929 ) 

In previous communications* from this laboratory a method of examining 
the rates of reaction of gases after collision with dec trons has been described , 
and in particular the use of a tnode of special construction and dimensions 
for determining the critical potentials at which the reaction takes place has 
been noted This method has now been applied to the combustion of nitrogen, 
which has been shown to depend upon ionisation of the nitrogen, activation 
or ionisation of oxygen apparently playing no part This conclusion is sup¬ 
ported by the measurements of critical potentials, by the chemical examination 
of the reaction products in the experiments to be di scribed, and to some 
extent by measurements of the efficient y of the process 

Previous, Woik 

The synthesis of nitric oxide in the arc has been studied by many w orkers, \ 
and it has long been recognised that the yields of oxides of nitrogen so obtained 
were too large to be given by a purely thermal formation in the arc The 
necessity for an electrical process is further shown by the possibility of synthesis 
by purely electrical means, such as the silent electric discharge,! the corona 
discharge^ the spark <hscharge|| or a rold discharge from a heated oxide 
i athodo f This work was undertaken in the hope of delinmg this electrical 
process more completely It has been suggested that the reaction is one 
between the atoms** or that ionisation and dissociation of the reacting gases 

* Oafess and Rideal, ' Roy Soc Proc ,’ A, \ol 1H, p 085 (1027), and vol 120, p 370 
(1028) 

t Cf Knox, “ Fixation of Atmospheric Nitrogen," 2nd edition (Gurney and Jackson, 
1021), AUmond and Elhngh&m, “ Applied Electrochemistry ” (Arnold, 1924) 
t Warburg and Leithauser, ‘Ann Phys,’ vol 20, p 743 (1900), and vo) 23, p 209 
(1907), Berthelot, ‘ C R vol 142, p 1367 (1905), and ‘ Ann Chim Phys ,’ vol 8, p 145 
(1906) 

$ Strong, ‘ Amer Chem J ' vol 64, p 204 (1913) 

|j Briner, ‘ J Chim Phys ,’ vo! 13, p 18 (1915) 

If Schwab and Loeb, * Z Phys Chem.,’ vol 114, p 23 (1924) 

** Briner and Naville, ‘ J Chim Phys ,’ vol 17, p 329 (1919) 

2 L 


vol oxxvn —a 
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plays an important part,* while Schwab and Loeb (loc cit) have proved that 
activation of the nitrogen was necessary Nitric oxide has never been made 
from its elements by a process in which a high degree of excitation was not 
attainable, but no attempts have hitherto been made to determine the degree 
necessary 

When, as in these experiments, nitrogen and oxygen are allowed to react 
m a triode, the gas mixture is exposed either to an oxide-coated platinum wire 
or to a bare platinum wire at a temperature which may be as high as 1800° K — 
a condition in which the thermal formation of nitric oxide has been shown to 
take place f A preliminary investigation was necessary in order to discover 
whether oxidation at the surface of the hot filament could be detected at pres¬ 
sures low enough for the electronic oxidation of nitrogen to be studied 


Ex permit ntal 

1 Surface oxidation The apparatus used and the precautions taken 
were the same as described in a previous paper + Purified oxygen and nitrogen 
were admitted to a reaction bulb cooled in liquid air, connected through a 
liquid air trap to a McLeod gauge, and pressure readings were taken as the 
filament was heated After running, the apparatus was roughly evacuated 
and an extra pressure on removing the liquid air, due to the evaporation of 
the oxides of nitrogen, was looked for In 16 runs lasting for some hours, at 
temperatures up to 1900° K , at pressures ranging from 40 to 300 bars, and at 
concentrations of nitrogen ranging from 10 per cent to 90 per cent, no nitrogen 
peroxide was detected with either platinum or oxide-coated platinum filaments 
Certainly at the higher pressure anv nitric oxide that had been formed would 
have been oxidised to nitrogen peroxide The rate at which the oxygen was 
removed by reaction with the platinum filament was affected but slightly 
until the partial pressure of oxygen was reduced to 10 or 20 bars 

A new senes of experiments was then made, using a flow method Air was 
admitted through a fine capillary, passed through two liquid air traps to remove 
water vapour and carbon dioxide, and over a platinum filament wound in the 
form of a rectangular grid on a light silica frame held obliquely by stouter 
platinum leads across the axis of a tube 2 5 cm diameter After combustion 

* Cf Karrer, ‘ Trans Am. Electrochem Soc vol 48, p 23 (1025) 
t Clements, ‘ Ann Physvol 14, p 334 (1004), Rossi, * Gas Chim ItalvoL 35, p 1 
(1006), Fischer and Braumcr, ' Ber D Chem Gcs,’ vol 3tf, p 940 (1906), Brinor, 
Boner and Rothen, * Hdv Ohim. Acta vol 0, p 634 (1026) 

{ Rideal and Wanabrough Jones, ‘ Roy Soc Proc ,’ A, vol 123, p 202 (1929) 
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the gases were passed through a 500-c c flask cooled in ice to allow time for the 
slow termolecular reaction 

2NO -f- O a -> 2NO s 

to take place, and the nitrogen peroxide was then condensed by liquid air 
By varying the speeds of pumping and the length of the capillary, the pressure 
was varied between 24 to 80 bars while the speed of flow reached 500 ( o per 
hour 

The platinum filament was heated to about 1800° K and air streamed over 
for from 3 to 6 hours The taps were then closed, and after pumping out the 
air, the liquid air was removed from the final trap and the nitrogen peroxide 
contained expanded into a known volume in connection with a McLeod gauge 
The flow speed was found by measuring the rate of leaking Careful blank runs 
were made with the c onditions the same but for the temperature of the heating 
element, which was reduced to 1000° K Then no condensable gas was found 
in the last trap Chemical tests were made to detect and identify the nitrogen 
peroxide, a mixture of a-naphthylamine and sulphamhc acid giving a red 
colour Both bare platinum wires and oxide coated wires were used, and the 
relative difference is shown in Table I 


Table I 



All measurements were made at a temperature of 1800° K The heated 
area of the platinum wire cannot be estimated with any accuracy, nor can the 
increase m area on coifting it with oxide be determined The uncertainty of 
the areas is a factor which must be taken into account before these results 
can be said to confirm the observation that the efficiency of a catalyst is related 

2 L 2 
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closely to its thermionic work ftmction * It is noticeable that the effect of 
pressure is far greater than the speed of flow, but the yields were Bmall, and 
an investigation of the kinetics of the reaction was not practicable 

From these experiments it is clear that the purely thermal synthesis of 
oxides of nitrogen in the tnode would be too slow to affect the results 

Oxidation after Electron Collision —A platinum filament 2 cm long, 0 15 mm 
diameter, was mounted axially inside a helical platinum wire grid having 10 
turns, the mean distance being about 2 mm from the filament Outside was 
a platinum anode 2 5 cm diameter, and 1 cm long Connections were at 
first made by a mckel-iron alloy which could be sealed into glass, but these 
were afterwards replaced by nickel wires coated with platinum to which the 
thinner platinum wires were welded The three electrodes were at first held 
in a ground joint fitting into the reaction vessel, but in later experiments with 
oxvgen alone small errors were found due to oxidation of the tap grease or 
wax at the ground joint which was then removed, and the wires were sealed 
through the glass The filament was coated with a mixture of barium and 
strontium carbonates for which thanks are due to the General Electric Company, 
Wembley 

The reaction vessel A (see fig 1), cooled m liquid air, was connected through 



a liquid air trap B, to the McLeod gauge M, and thence through the tap T It to 
the pump line, the pure gas lines, or a known reaction mixture stored m C, a 
* Bnner, ‘ Helv Chim Acta vol 9, p. 834 (1928), r/ Rideal and Wanabrough-J ones, 
‘ Ann, Rep Chem. Socvol 28, p 345 (1928) 
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tube dusted with phosphoric anhydride, small amounts of gas mixture being 
admitted by the sampling taps T 4 , T 6 The tube C could be filled with any 
mixture of oxygen and nitrogen by means of the burette D and the levelling 
tube E, the procedure being evident from the diagram The reaction products 
could be pumped off through the trap F, which was cooled in liquid air, and 
identified A vacuum of 10~ B mm was obtained by a double stage mercury 
diffusion pump backed by a “ Hyvaiand the connecting tubing was heated 
with the flame of a Bunsen burner at this pressure before use, the pressure 
inside the apparatus being kept at 10 -5 mm Oxygen was prepared from 
manganese dioxide, hydrogen peroxide, and sulphuric acid in a small Kipp’s 
apparatus and stored over potash and phosphorus pentoxide before use , and 
the nitrogen was taken from a cylinder, purified by passage over heated copper 
and copper oxide, and thence over potash and phosphorus pentoxide In 
later experiments when experiments on pure ox>gen were being conducted 
and oxidation of tap grease was found to occur, the tap T x was replaced by a 
mercury cut-off, and a second liquid air trap was inserted between the pump 
and this cut off To obtain reproducible results it was essential to bake out 
the reaction vessel to 400° C between each run, and until no more gas was 
evolved, the glass connections being frequently heated 


Measurements 

The apphed potentials and the electron currents were measured in the 
same way as by Caress and Rideal, and the rate of reaction was determined 
by the rate of fall in the pressure This rate of reaction is generally constant 
over a range of pressure from 180-110 bars for a particular voltage, when com 
parable results are obtainable , but below this range the effect of the fewer 
collisions between the ions, electrons or molecules becomes apparent In 
comparable conditions the reaction rate at the same potential is found to be 
very nearly proportional to the number of electrons accelerated, and hence 
the number of electrons necessary for one molecule of nitrogen peroxide to be 
formed could be found In order to identify the products of reaction, the 
total decrease in pressure was observed, when the reaction was apparently 
completed With excess of nitrogen this value was readily determined, but a 
slow pressure decrease always took place when oxygen was in excess, the 
completion of the main reaction being shown by an alteration m the rate of 
decrease of pressure, generally sharply defined The effect of oxygen in 
reducing greatly the emission of electrons, particularly from an oxide emitter, 
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is, of course, well known,* and throughout the work was a source of trouble, 
though ultimately it was found possible to make a tenacious coating of oxide 
which would adhere long enough at the high temperature necessary to give an 
adequate emission , this effect was particularly noticeable in mixtures rich in 
nitrogen, the disappearance of the last trace of oxygen being accompanied by 
a marked change in the colour of the arc, from bluish-purple to reddish-purple, 
and a sudden increase in the electron emission amounting at times to a 
hundredfold , a very well-defined end-point for the reaction Further readings 
of the pressure were made after removing the liquid air and evaporating the 
nitrogen oxides The difficulty of correcting accurately for the difference in 
temperature due to the hot filament, and the slightly varying levels in the 
liquid air vessels might cause an error of not more than ^ per cent in these 
values, but in suitable conditions the measim ments of the rate of reaction 
were more accurate 

The reproducibility of the rate of reaction is a matter of great importance 
This rate is governed by a number of factors, the age of the filament, the 
thickness of the oxide coating, the form of the arc, the adequacy of the baking- 
out and the pre-treatment of the electrodes, some of which are not controllable 
Care was exercised on this account to make all runs comparable, and between 
every two or three runs, one at 26 volts was made Failure to return to the 
standard rate was generally cured by recoating the filament and baking-out 
for 8 to 12 hours , but some runs were found to give anomalous results and 
had to be rejected 

The Rate oj the Reaction 

Fig 2 shows a number of runs plotted for various voltages and various gas 
mixtures It will be noticed that the composition of the gas mixture has 
little effect except for low nitrogen concentration In fig 3 the mean rates of 
reaction (excluding such mixtures) are plotted against the applied electron 
voltages , the units being the rate of decrease of pressure per milliampere, it 
having been first ascertained that these ratios were constant for a given voltage 
(see fig 5) 

The features which may be observed on fig 3 are — 

1 No reaction occurs unless the electron has an energy greater than 17 
volts The very slight fall in pressure observed bplow this voltage was 
due to the oxygen alone 


Keller, ‘ Phys Rev vol 25, p 671 (1025) 



£C tCTRON t NtRC.lt S 

tio 3 


2 There exist two well-defined breaks, the one at 17 volts and the other at 

about 23 volts 

3 There is a rapid and apparently regular rise 


above 30 volts, but with no 
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4 The absence of any breaks attributable to oxygen, at any of the reported 
critical potentials, i e resonance at 8 9 volts* * * § , ionisation to O a + at 
12 5§, 13 0,f 15 5,J or at the 0+ potentials of 20,f 19 5|| or 23 (),J 

1 The absence of a purely thermal reaction below the first arcing potential, 
even with emissions as large as 2 milhamperes, is in agreement with the previous 
runs I made with a closed system Many attempts, all unsuccessful, were 
made to find a reaction starting at the critn al potentials of oxygen below 
17 volts 

2 At 17 volts the main reaction starts and at 2 5 volts it becomes much more 
rapid The absolute measurement of these voltages and their identification 
is important By the arrangement of the electrical circuit the potential is 
applied to the middle of the filament, but some correction due to the drop m 
voltage along the filamt nt must be made and all voltages shown are corrected 
To make this correction the breaks in the current voltage curves m pure oxygen 
and nitrogen were identified with the known critical potentials and later a 
calibration was made with pure helium which gave identical results The 
correction was less than 1 volt 

It is generally behoved that the first ionising potential of nitrogen is 16 9 
voltsf though Turner and Samson** have recently found 15 8 volts as its value 
The rate of reaction at this voltage is too small to discriminate between these 
values, but it is clear that the interaction is ht re initiated by the formation of 
positivo molecular ions of nitrogen 

The second ionising potential of nitrogen was believed to be 24 1 volts,ff but 
this was based on the assumption that lb 9 volts is the first ionising potential 
Turner and Samson consider that 23 volts is the real value of the second 
ionising potential, the process being the formation of an excited positive ion 
which, on collision, dissociates into atoms and atomic ions The production 
of this excited molecular ion, therefore, greatly increases the rate of reaction 

* Compton and Mohler, “ Cntical Potentials,” * Bull Nat Res Council,’ vol 9, part I 
(1924) 

t Hogncss and Lunn, ‘ Phys Rev ,’ voL 27, p 732 (1926) 

l Smyth, ‘ Roy Soc Proc ,’ vol 106, p 116 (1924) 

§ Mackay, ‘ Phil Mag ,’ vol 40, p 828 (1923) 

|| Lockrow, ‘ Aatrophys J ,’ vol 63, p 206 (1920) 

H Compton and Mohler, loc ctl 

** Turner and Samson, ‘ Phys Rev ,’ vol 34, p 743 (1929) 

tt Hogners and Lunn, 1 Phys Rev,’ vol 26, p 786 (1926), Smyth, ‘ Roy Soc Proo 
A, vol 106, p 116(1924) 
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The rate of reaction between nitrogen and hydrogen is greatly increased at 
the same voltage * 

3 The rapid increase in the rate of oxidation of nitrogen when the electrons 
are accelerated by more than 26 volts is shown below to agree well with the 
increase in the efficiency of ionisation 

4 It has frequently been stated that activation of the nitrogen in the arc 
process is the most important process (c/ Escales, Koenig and Lowry)f but it 
was suggested that parallel activation of oxygen was necessary Fischer and 
HeneJ believed that only oxygen was activated m the arc, while Schwab and 
Loeb considered that nitrogen became reactive after a collision with excited 
oxygen It is clear that in these experiments no such activation of the oxygen 
was necessary 

The simplest and most probable mechanism for the reactions are therefore 

(1) At 17 volts IV + O i -*-2NO 

and 

(2) At 23 volts N + + 0, -* NO a or N,+' f () s -> N0 2 + N 

with other less important reaction possible 

The vapour pressure of nitric oxide is not low enough for it to be frozen out 
by liquid air, and there would therefor* be no change in pressure as it was 
formed , but its reaction with oxygen or nitrogen peroxide would give a 
condensible product, anil it would also be strongly adsorbed on the walls of 
the glass vessil, which, after repeated baking at a high temperature under 
a vacuum, has a highly adsorptive surfac e 

The End Point of the Reaction 

1 Many runs were made on gas mixtures containing oxygen and nitrogen 
in widely varying proportions, the runs being continued to the end of the 
main reaction Some of these runs are shown plotted m fig 4 and are tabulated 
below The figures show the slow absorption of oxygen referred to above, 
when all the nitrogen had been used up 


* Storch and Olson, * J Am Chem Soo ’ vol 46, p 1605 (1023), Caress and Rideal 
foe cit 

t Escales, ‘ Z Elektrochem ,’ vol 12, p 539 (1906) Koenig, ‘ Ber D Chem Ges,’ 
vol 46, p 132(1913), Lowry ‘J Chem Soovol 101 p 1152(1912), and ‘ Trans 
Faraday Soo vol 9, p 189 (1913) 

, ‘ B«r D Chem Ges,’ vol 45, p 3562 (1912), and vol 46, p 603 (1913) 
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Fio 4 

Table II 10 per cent N 2 


1 

Hun 

Voltage 

(volt#) 

J 

Cum nt 
(mu) 

4 

Initial 

pressure 

(bar) 

5 

Pressure 

fall 

(bar) 

0 

hall 

calculated 
a# NO, 
(bar) 

7 

hall 

calculated 

a# NO 
(bar) 

h l 

10 

0 61 

180 

59 

54 

36 

h 2 

JO 

1 2 

105 

54 j 

4C 5 

33 

h 5 

21 

0 7 

200 

52 


40 

E« 

20 


151 

33 

45 3 

30 2 

h 7 

28 

3 1 

193 

68 

57 9 

38 6 


Column 4 shows the total pressure of gas mixture originally present, and 
column 5 the total fall m pressure when the reaction is complete Column 0 
gives the pressure decrease calculated from the initial amount of mtrogen on 
the assumption that it is all oxidised to nitrogen peroxide, and column 7 the 
decrease on the assumption that nitric oxide is the only product These 
pressures were measured with the filament cold, and liquid air round the traps 
and reaction vessel It will be noted that for the higher voltages even a 
slightly greater fall in pressure than that given in column 6 is found, and for 
the lower this value is not reached, but one corresponding to a mixture of 
nitnc oxide and mtrogen peroxide There is always a slow electrical or electro¬ 
chemical absorption of gas proceeding* which will account for small dis¬ 
crepancies (and the greater decreases than theory demands for the higher 
voltages) It is clear that mechanism (1) and the possible secondary reactions 
are operating to a greater extent at the lower voltages 

* Research Staff, GEC, Wembley, ‘Phi! Mag,’ vol 48, p 553 (1924), Dushman, 
“ High Vacuum," p 165 (Schenectady, 1922) 





Oxygen with Nitrogen after Collision with Electrons 521 


2 Runs with nitrogen in excess allowed more accuracy, the end of the reaction 
being determinable with greater ease Measurements of the residual pressure 
of nitrogen oxides on re-evaporation were also made 


Table III —10 per cent 0 2 



Columns 4, 5, 6 and 7 are obtained m flu same way as those in Table II 
Column 8 is the total pressure of nitrogen oxides found on removing the liquid 
air, column 9 gives the pressure calculated by assuming that all the oxygin 
has been used to give nitrogen peroxide, and column 10 the pressure of nitric 
oxide calculated by the same assumption , the same deductions can be made 
from this table as the previous one The striking difference between the two 
senes of experiments is that m the first the fall in pressure found is larger, 
and m the second smaller than that given in column b, m both cases as the 
mechanism demands Further, the runs at the higher voltages where the con¬ 
centration of N f ions is greater show a much closer agreement with the simple 
formation of mtrogen peroxide The primary formation of nitric oxide could 
not give this result, since at these total pressures the numb* r of termolecular 
collisions 2NO + 0 2 occurring before the nitric oxide ‘ struck,” either adsorbed, 
or dissolved in the mtrogen ptroxide on the walls, would bo very few The 
experiments at lower voltages show mtrogen peroxide and lower oxides present 
m varying proportions, but an examination of the amounts of each is un¬ 
profitable 

3 Experiments made with other proportions of oxygen gave results similar 
to those detailed above, and are not tabulated, sinoe the extreme mixtures 
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show the point more clearly Frequently a mixture containing 33 per cent 
of nitrogen would react under 30-volt electrons until only 2 per cent of the 
total original pressure remained 

Some of the discrepancies between the observed and calculated values for 
the total fall m pressure are too large to be accounted for by errors in reading 
The slow removal of oxygen as ozone is shown in a later paper to be negligible, 
while direct oxidation of the filament would also be very slow at a maximum 
temperature of 1600° K In the earlier runs, the presence of small traces 
of organic vapours would account for an apparent loss of oxygen, but the 
differences persisted when, as in the later experiments, this source of error 
was removed The admitted presence of oxvgen ions and atoms suggests that 
reaction such as N s + -f- O — N 2 (), will occui to some small extent, and these 
small errors must be ascribed to the sum of these causes, together with the 
well-known “ clean-up ” or absorption of gas in an} type of discharge tube 

The Examination of the Products 

1 Three experiments were made, with an accelerating potential of 21 5 
\olts, in which the products of the reaction were mixed with excess oxygen 
A decrease in pressure would show that nitric oxide was reacting with oxygen 


Table IV 


1 

Bun 

2 

Pressure of 

(bars) 

1 

Pressure of 
oxygen 
(bars) 

~ 

4 

Total 

(bars) 

5 

(bare) 

D 14 

27 » 

40 

07 8 

00 1 

D 13 

27 1 

13 

40 1 

32 1 

D 10 

27 2 


40 2 

34 1 


Column 4 gives the sum of the pressures of oxygen and oxides of nitrogen , 
and column 5 the pressure half-an-hour after mixing 
2 The products of the reaction were pumped off through the trap F, cooled 
in liquid air This trap was then isolated by the taps and reagent added 
through the top An alcoholic solution of a-naphthylamine and sulphamkc 
acid was the most convenient test and always gave a deep red colour , while 
brucine and sulphuric acid turned orange red Colorimetric estimations 
were made of the products from certain runs after addition of excess oxygen, 
by condensing them in small bulbs which were then sealed off at a constriction 
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and estimating the nitrogen peroxide by the colour tests described above 
Companson tests made by heating a small quantity of pure lead nitrate greatly 
diluted with glass powder and condensing the products m the Rame way showed 
that the method was of sufficient accuracy 


Table V 



Column 3 gives the actual amount of gas found on rc-evaporating the nitrogen 
oxides, and column 4 the amount calculated from the initial total pressures 
assuming all the nitrogen had been oxidised directly to nitrogen peroxide 
Columns 5 and 6 respectively show the same amounts expressed as weight 
of nitrogen peroxide, while column 7 gives the actual weight found b) the 
estimation 

In the first five experiments the weight of nitrogen peroxide found by esti¬ 
mation is very nearly the same as the weight given in column 5, that is to say, 
the products of the reaction are almost entirely nitrogen peroxide Runs 
D4 and 5 show the largest errors, these runs being made with smaller apphed 
potentials, and it was therefore to be expected that the products would contain 
more mtnc oxide Runs D7 and D8 at 21 and 22 volts show clearly an initial 
oxidation to nitric oxide must have taken place, smee considerabl} more 
nitrogen peroxide is found by the colorimetric estimation than the initial 
amount of oxygen would give The oxidation was therefore completed on 
adding more oxygen The small quantities of gas available reduces the 
accuracy of these estimations 
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The Electron Efficiencies 

No method is available for use with this type of apparatus whereby the 
actual number of ions produced and reacting can be found directly 

Instead, the number of molecules reacting for each electron emitted and 
accelerated can be found Fig 5 shows the plot of the rates of reaction against 
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the current m milliamperes for the reaction at 26 volts Fig 6 shows the 
electron energies plotted against the electron efficiencies, le , the number of 
electrons required to give one molecule of nitrogen peroxide, points being taken 
from experiments made in three different forms of the apparatus two With a 
ground joint, and one with no ground joint The currents were measured 
by a galvanometer with a calibrated shunt and the volumes of the three 
systems were respectively 790 c c , 823 c c and 630 c c 

For convenience the mean number of electrons producing one molecule of 
nitrogen peroxide are shown below, for mixtures with more than 30 j>er cent 
nitrogen 

It is necessary to estimate first how many electrons actually acquire their 
full energy, how many then escape collection by the grid and are avaijable 
to make ions, and how many actually do so At a mean pressure of 150 bars 
the mean free path of the electron as given by the kinetic theory, 4\/2 the 
mean free path of the gas molecules, is 3 8 mm in nitrogen and 4 2 mm in 
oxygen at 25° C The temperature of the space between the filament and gnd 
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Table VI 


Voltage 

No of electrons 

\ ullage 

No of electrons 

17 

>3000 

25 

11 

18 

BOO 

to 


20 

120 

40 

3 


which we are considering is considerably higher than this, and an estimate 
made from the increase in pressure on heating up the filament puts it at about 
500° C Assuming the validity of the Sutherland viscosity formula* and 
its applicability to this problemf the considerably longer free path of some 
11 mm m either gas, or in this case, their mixtures is obtained Taking 2 mm 
as the mean distance between the filament and the grid—an upper limit— 
the free path of the election is some 6 5 times the distance it must tiavil m 
order to reach its full velocity some 87 per cent will do this J 
Experiments have shown, however, that this theory does not give the actual 
mean free path of an election in a gas, both the Ramsauer and Lcnard methods§ 
giving rather smaller values Thus Bruche gives as the total absorbing area 
for electrons of 1 c c oxygen at 1 mm pressure, 'Yl sq cm at 10 volts and 
3*2 sq cm at 50 volts Assuming at 26 volts an absorbing area of 15 sq cm , 
the mean free path at 1 mm pressure is 0 29 mm , at 150 bars about 75 per 
cent of the electron would be fully accelerated before a collision with a gas 
molecule occurred The indirect method of Townsend and Bailey|| gives 
figures leading to the result that about 80 per cent of the elei trons reach their 
full velocity For mixtures of oxygen and nitrogen, whose absorbing areas 
differ by little, no anomalous results are to be expected 

These results are obtained on the assumption that the equipotential surface 
containing the grid is a cylinder, whereas this is not strictly the case Attempts 
to correct for this by altering the number of turns per unit length in the grid 

* Sutherland, ‘ Phil Mag ’ vol 36, p 507 (1893) 

t Sutherland ‘Phil Mag,’ vol 18, p 341 (1909), cf also Enkson, ‘ Phys Rev,’ vol 
6, p 345 (1915), and Compton, ‘ Phys Rev ’ vol 21, p 717 (1923) 

X Loeb, ‘ Kinetic Thoory of Oases,” p 41 (McGraw Hill Book Company, 1927) 

$ Bruche, ‘ Ann Phvsik,’ vol 83 p 1005 (1927), vol 81 p 537 (1920), Robinson, tbul , 
vol 31, p 805 (1910), Lenard, tbtd , vol 12 pj> 449 and 714 (1903), Mayer, tbtd , vol 
04, p 451 (1921), Ramsauer, ibid vol 64, p 513(1921), Brode, 1 Phys Rev,’vol 25, 
p 030 (1925), Akesson, Lunds, ‘ Umv Amskr vol 12 p 11 (1910) 

|| Townsend and Bailey, ‘ Phil Mag,’ vol 42, p 871 (1921), Townsend, ‘ J Franklin 
Inst,' vol 200, p 603 (1925) 
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indicated that the correction was both small and uncertain The number of 
electrons passing the grid is given by the difference between the total current 
from the filament, and that between the filament and anode It was found 
that about 85 per cent of the electrons actually passed into the space between 
the grid and anode 

There will also be a few slow secondary electrons from the grid* but the 
spacing of the grid is comparatively wide and at potentials below 50 volts it 
is very improbable that these exceed 2 or 3 per cent of the whole Therefore 
some 70 per cent will be the fraction of the number of electrons emitted which 
can be taken as having their full energy in the grid anode space where reaction 
occurs For voltages greater than 25 volts the full energy is not required to 
ionise the gas, and hence more than this number are available, which should 
be taken as a lower limit 

The best values for the number of ionising collisions made by an electron are 
obtained from the corrected curves of Compton and Van Voorhisf which give 
the number of ionising collisions per centimetre length of path at a pressure of 
0 01 mm The distance between the grid and the anode was about 1 cm 
and assuming the temperature in this space was about 0° C , and the average 
pressure about 150 bars, the mean number of ionising collisions made by one 
electron in pure nitrogen ranged then from 0 21 at 25 volts to 0 84 at 50 volts 
From the value of the effuiency of ionisation appropriate to each voltage, it 
is now possible to find the number of electrons which must be emitted from the 
filament to give one ion , and hence to estimate the number of ions required 
to give one molecule of nitrogen peroxide 


Table VII 


1 

Voltage 

2 

Total number of 
electrons required 
to give one molecule 
NO, by experiment 

3 

Number of electrons 
required to give 

Estimated as above 

4 

Number of ions 
per molecule 

NO, obtained 

18 

500 

60 

10 

20 

120 

17 

7 

25 

11 

6 7 

1 6 

30 

6 

4 2 

1 4 

40 

3 

2 2 

1 3 


* Cf Lehmann and Osgood, ‘ Proc Cam Phil Soo vol 22, p 731 (1926) 
t ‘ Phys Rev ,’ vol 27, p 724 (1926) 
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In this table, column 3 gives the approximate number of electrons lequired 
to form one ion at this voltage assuming the mixture behaves as if it was all 
nitrogen There are no figures available giving the efficiencies in oxygen, 
though Penmng reasons from its lower ionisation potential that these efficiencies 
should be higher than in nitrogen * 

It will lie noticed that the number of ions formed by eac h electron varies 
greatly with the voltage, but column 4 shows that this alteration is not 
sufficient to account for the changes in gradient in the curves showing the rate 
of reaction plotted against the applied voltage Hmce below 21 \olts one ion 
really forms two molecules of N0 2 , it will be seen that the changi in rate above 
24 volts is still greater It is interesting that above the second ionisation 
potential of nitrogen, although the electron efficiency is increasing, the number 
of ions per molecule is only changing slightly 

Discussion 

A lower hmit of about 1 5 ions has been obtained as the number required to 
give one molecule of nitrogen peroxide This is the total number of ions, but 
if only nitrogen ions can react, their number will be proportionately less than 
this as the proportion of nitrogen in the mixture is decreased It seems then 
that with percentages of oxygen above 60 per cent, the M/N ratio becomes less 
than unity The possibility of one ion giving more than one molecule, by 
forming a “ cluster ” which then reacts as a whole, seems rather remote, and 
it is more likely that an error lies in the estimate of the number of ions The 
mean temperature of the space between the anode and grid may well be less 
than 0° V , since the valve is surrounded by liquid air, thus allowing more 
collisions between electron and molecules than has been assumed 

More electrons are required to produce a molecule of nitrogen peroxide when 
the mixture is weak in either component This increase, noticeable in mixtures 
containing less than 33 per cent of nitrogen, is accounted for if only ions of 
this gas can react, while in mixtures rich in oxygen some of the nitrogen ions 
must escape collision with oxygen molecules 

Schwab and Loeb ( loc cit ) found that 120 ionB were required to give one 
molecule of nitrogen peroxide Their method of using a diode at a pressure of 
6 mm of gas is not suited to give accurate values of this ratio, which is probably 
widely in error The work described above entirely supports their suggestion 
that activation of the nitrogen is the main factor, but does not support the 
possibility of activation of the nitrogen by collision with activated oxygen 
* Penning, ‘ Physics,’ vol 6, p 300 (1026) 
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Firstly, the only physical significance which can be attached to this process 
would be the formation of a molecular ion of nitrogen by collision with an 
oxygen molecule excited bv a 19 5-volt electron, which is believed to suffer 
almost immediate ionisation and dissociation The pressure is too low for 
more than a very few collisions between a nitrogen molecule and an excited 
oxygen molecule to occur before dissociation has taken place S<*condly, there 
is no increase in reaction rate at the critical potentials of oxygen Thirdly, 
the efficiency of the process is recoin liable with the view that the nitrogen 
alone is activated 

Busse and Daniels,* synthesised oxides of nitrogen by passing high-speed 
electrons from a ('oolidge tulie through a metal window mto a tube containing 
air There is great unceitamty in hndmg the number of ions formed per 
electron, and probably it is most accurate to accept Lehmann’s value of 43 
volts per ion for 2000-volt electrons, giving an M/N ratio of about 0 5m air, 
from their values for the total energy supplied by the electrons to the air 
in the reaction vessel 

Lmd and Bardwellf from then work with * particles found the ratio 

molecules acid ^ uni ^. Among the produc ts arc NO,, NO 0, and traces 

total ions J 1 

of NjO, complicating the reaction At the pressures used in the experiments 
described above no ozone is formed, and the N s O, if present, is not noticeable j 
It is not considered that these values are contradictory when consideration 
is taken of the different experimental methods They are summarised in 


Table VIII 


Table VIII 


Method 


M/N 


Observer 


a part idea 

High velocity electrons 
Low voltage are 
Low \ oltage are 


1 I Lmd and Hardsell 

1) 3 , Busse and Daniels 

120 Schwab and Loeb 

I 3 i Wansbrough Jones 


* ‘.) Am Chem Sot ,’ vol 51, p J271 (1928) 

f Lmcl, “ The Chemu al Effects of a particles and Electrons, ’ Chemical Catalog Co , 
NY’p 101 (1928) 

f Note added tn proof —Since thu paper was communicated Brewer and Westhaver 
(‘ 1 Thys Chun,’\ol 34, p 554(19*10)) have examined this reaction in the glow discharge, 
obtaining substantially similar results They attubute reaction to the N s 1 ion, and 
corn hide, by varying the proportions of the gases, that nitrogen alone is atttvafod An 
approximate maximum value of iwo molecules of nitrogen pci oxide from one N a * iou 
was obtained 
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It may be mentioned that the yield of oxides of nitrogen in this apparatus is 
equivalent to about 20 gm of mtnc acid per kilowatt hour, whereas an average 
commercial arc process has an efficiency of about 60 gm of nitric acid per 
kilowatt hour 

Summary 

(1) Oxides of nitrogen have been synthesised from their elemc nts at pressures 
below 100 bars 

(2) This reaction lias been studied m these gases after excitation by electron 
collision, and is shown to d< pend on the ionisation of the nitrogen Excitation 
of the oxygen is unnecessary 

(3) Evidence is (nought forward that the two principal reactions are 

N 2 + + 0 2 = 2NO 

and 

N f fO,- N0 2 or N 2 + ' M) 2 -N0 2 (- N 

and the independent production of either of these gases is established 

(4) The efficiency of the process is discussed, and it is shown that at the 
higher voltages v< ry nearly all the ions formed will react 

Grateful acknowledgment is due to the Goldsmiths’ Company and the 
Department of Scientific and Industrial Research for a grant, also to the Imperial 
Chemical Industries for assistant m pure basing some of the neci ssary appara¬ 
tus My best thanks are due to Prof T M Lowry for his interest, and to 
Dr E K Rub al, for suggesting the problem for his constant advice, and for 
his sustaining encouragemc nt 
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The Formation of Ozone from Oxygen after Collision mth 
Electrons 

By 0 H Wansbrough-Jones, Ramsay Memorial Research Fellow 
(Communicated hv T M Lowry, FRS —Received Nn\emb« r 2H, 1 *>20 ) 
Introduction 

In a previous paper* the reactions between nitrogen and oxygen after 
collision with electrons have been described, and me ntion was made of some 
anomalies noticeable in the total absorption of gas It was natural to suppose 
that the formation of orone played a part in these, and accordingly a more 
detailed study has been made of the behaviour of oxygen in the same apparatus 

The results obtained agree best with a mechanism requiring neither atoms nor 
ions for the formation of ozone, but rather an excited ion of short life, a 
possibility which is not contradicated by previous experimental work 

Expei imental 

In the previous paper it was noted that there was a slow removal of oxygen 
in the low-voltage arc The first experiments were made to find if this was 
connected with ozone formation 

The first form of the apparatus was identical with that described in the 
previous paper Aftei a most thorough evacuation, the apparatus was c barged 
with oxygen to a pressure of about 200 bars, or m some expci iments up to 
1 mm The filament having been heated and the acceleratmg potential 
applied to the grid the rate of fall in pressure was examined No ozone was 
detected at any time, and the results of these experiments are summarised 
below 

1 A very slow purely thermal reaction with the hlament was found to 
depend on the temperature of the filament and the state of the coating of 
oxide, to be independent of the applied potential, and agreeing with earher 
workf on the oxidation of platinum, normally to be negligible 

2 When potentials slightly greater than the arcing potentials were apphed 
the absorption of oxygen became more rapid, but was still very small indeed, 
so small that it is not possible to state that the absorption is then due to the 

* V supra, p 511 

t Rideal and Wansbrough Jones, ‘ Roy Soc Proc ,’ A, vol 123, p 202 (1929) 
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formation of ions Some evidence was, in fact, obtained suggesting that there 
was an “ electrical ” reaction below 12 volts additional to the thermal reaction 
mentioned above, but generally at 20 volts more ions were formed and an 
increased rate was noticeable 

!J During the run liquid air surrounded the vessel At the end of each 
experiment it was removed and search made for any increase m the pressure 
of oxygen additional to that due to expansion Oxygen atoms stuck to the 
walls or ozone would both form oxygen molecules on striking the platinum 
anode, but no increase in pressure attributable to eithei of these two causes 
was ever found In a few runs an increase in pressure on removing the liquid 
an was found, but always it was due to imperfect baking having left some 
carbon oi hydiogeu 

4 Applied potentials between 30 and 00 volts gave a higher rate of absorp¬ 
tion, but even m 3 or 4 hours and with currents up to 4 ma the reduction 
of pressure would larilv exceed 30 bars Measurements of tin electron 
efficiencies weic uim producible, ranging from about 100 to 5000 electrons per 
molecule removed a vciy diflennt order from that found in mixtures of 
nitrogen and oxygen 

5 The rate of absorption became slower after a series of runs between which 
air had not been admitted to the valve 

b In some runs the absorption stopped completely after a time, always 
those at a relatively low temperature where the thermal reaction with the hot 
filament was negligible 

The tae it assumption that if ozone was produced it would be removed must 
not be allowed to pass without ({uestion The vapour pressure of ozone at 
— 190° C is about 0 035 mm * so that m small concentrations it would not 
be frozen out, but it would be absorbed on the glass walls of the tube Attempts 
to increase the absorption by introducing small quantities of silica gel gave no 
alteration in the results If a very small concentration of ozone had been 
present in the gas, signs of ‘ tailing ” on the mercury in the McLeod gauge 
might have been seen, but these were never observed Probably, however, 
such tailings would only be produced if a little water vapour was present The 
detection of ozone in these experiments then really tests on the power of the 
glass to absorb small quantities of it at low pressures and to give it up agam 
when warmed 

Ozone if formed might decompose on the platinum anode Removing this 

* Spangenberg, ‘ Z PhyB Chcm ,’ vol 118, p 419 (1928), Schwab, ‘ Z Phys (Jhem ’ 
vol 110, p 599(1924) 
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altogether was not practicable, but it was replaced by an open platinum wire 
helix of the same diameter The arc could then Ik brought m apparent contact 
with the glass walls, and if ozone molecules had been present and the pressure 
low enough they would have been able to diffuse on to the cold surface At 
higher pressures the green glow of the arc closely surrounded the filament, 
and ozone might have been formed and decomposed without being detected, 
as seems likely from subsequent experiments 
The removal of oxygen in these experiments depends primarily on the state 
of the glass walls, and is not due to the formation of ozone Taylor* has 
shown that oxygen, excited by an elcctrodeless discharge can react with 
hydrogen in the glass , while Daltonf has shown that oxygen, activated by 
impact with electrons having i nc rgies of over 8 volts, will react with solid 
carbon It is evident that oxygen so activated “ combines ’ with the glass 
walls, and that ions need not be formed before this reaction can take place J 
The absence of ozone in these experiments suggested that possibly a second 
gas was needed to carry awav the surplus energy after a collision Warburg 
and Rump§ obtained a greater yield of ozone on ozonising air than the partial 
pressure of the oxygen warranted, and Juilard|| showed that the addition of 
40 per cent nitrogen more than doubled the yield of ozone Helium was 
therefore added to the oxygen up to a total pressure of 1 mm m some' expen 
ments, the percentage of helium being from 30 to 90 per cent The arc was 
obviously a mixture of both oxygen and helium, and this gas also increased 
the total ionisation current No traces of ozone were detectable, however, 
and helium serves merely as a diluent, modifying the rate of clean-up but 
slightly, and the character of it not at all 

Experiment mth a Flow Method 

It was clearly desirable to find some more convincing proof of the absence 
of very small amounts of ozone, as, for example, by accumulating a quantity 
of the supposed ozone oxygen mixture The conditions in which it was desired 
to conduct the experiment rendered this a difficult matter, as low pressures of 

* ' Roy Soc Proo ,’ A, vol 123, p 252 (1929) 
t ‘ J Am Chem Soc vol 51, p 2368 (1929) 

t Cf also Meirdal, ‘ Am Phye vol 85, p 812 (1928), GEU, Wembley,' Phil Mag,’ 
vol 8, p 653 (1924), etc 
g ‘ Z PhyB,’ vol 32, p 245 (1925) 

II* Bull Rci Acad Roy Belgvol 12, p 914 (1920), Pinkus and Juilard, tbid , vol 
24, p 379 (1927) 

H Cf Duffendack and Smith, ‘ Phys Proc ,’ voL 34, p 71 (1929) 
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oxygen were essential, and it was important that water vapoui should be 
rigorously excluded An optical method is not suitable since diy ozone is 
very unstable, and after trials with such substances as solid potassium iodide, 
starch-iodide papei, tu silica gel, or attempts to find meicuiy ‘ tailings,” 
or an oxide him on silver (all of which failed owing to the diyncss of tin 
system), concentrated sulphuric aud was used as an absorbent * 

The apparatus used is shown in hg 1 Oxygen, at atmosphcnc pnssuie, 
prepared by the electrolysis of baryta solution, passes into the tube A and h aks 
through the pipeclay stem in A into the vacuum side of the appaiatus Raising 
or lowering the mercury reservoir B covers pait of the stim and so controls 
the rate at winch the ovigeu flows through, tlu pressure tan be vancd eisil 



from 0 1 mm to 4 mm and other ranges i an be used Traces of vapoui from 
the wax cementing the pipe stem to the glass, or other impurities, arc removed 
by pussing the gas over copper oxide heated to 400° C in the furnace C, fioui 
which the oxygen goes through a liquid air trap D to the valve U The tnodc 
here is built up entirely of platmum, the filament about 1 cm long being coated 
with barium and calcium oxides, and the middle of it, from which nearly all 
the electrons are emitted, is about 1 mm from the grid Tlu nee the gas passes 
through the absorption apparatus F to the vacuum line The tube F contains 
a column of glass beads supported on a glass spiral held in a wide part of the 
* Orafenburg, ‘Z Anorg Chem,,’ vol 36, p 360 (1903), Brand, ‘Am Phy#,’ vol 0, 
p 468 (1020) 
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fcube Pure sulphuric acid is forced up slowly from the reservoir G and drops 
on to the beads and keeping them moistened is collected in the senes of bulbs, 
which are then sealed off one by one with the sulphunc acid containing the 
ozone found in one run Thus several consecutive runs could be made without 
allowing air to enter, or removing the liquid air traps, makmg them much more 
reproducible The column of beads had to allow free passage for the oxygen 
and m fact the pressure on the valve side of the column could be easily kept 
down to 0 05 mm At the end of a run the current was switx hed off and the 
oxygen allowed to flow through for half an-hour The beads were then washed 
with several small charges of sulphuric acid, allowed to drain for an hour, and 
the bulb removed About 10 c c of acid were generally n moved in each bulb 
The electrical connections have been described previously 

It was soon found that with pressures above l mm traces of ozone were 
obtained in tlu sulphuric acid The method of procedure was thus to < h an 
and bake out the apparatus < ompletely and adjust the late of flow and the 
pressure The furnace 0 was heated up, and after gas had been flowing for a 
timo the heating current for the filament and the acielerating voltage were 
switched on, and the oxygen run through for 0 to 10 hours, so long a time being 
necessary for enough ozone to accumulate 
On completing the run the sulphuric acid was neutralised, potassium iodide 
added, and the titration made with approximately N/1000 sodium thiosulphate 
Blank runs made by flowing oxygen through in piecisely the same condition 
but with no applied potential never gave a tiace of blue colour when starch 
and potassium iodide were added The valve was kept cooled in ice, pressure 
readings were taken periodically but varied very slightlv indeed, and the rate 
of flow of the oxygen was found from the amount of oxygen which had lieen 
taken from the aspirator m which it was stored 
No accurate information was obtainable as to the efficiency of the absorption 
apparatus and the total quantities of ozone found have little meaning, but 
that the relative concentrations m different runs were i oniparable was shown 
by the reproducibility of the results 

Three variables can control the amount of ozone found , the rate of flow, 
the pressure, and the applied potential 

1 The rate of flow varied from 500 to 100 o c of oxygen at atmospheric 
pressure per hour There was a slight increase of about 20 per cent m the 
ozone found when the flow speed was increased five times This is good 
evidence that there is little decomposition of ozone after formation, and that 
therefore the yields found are directly proportional to the amount of ozone 
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actually formed In the subsequent discussion values for yields at rates of 
flow above 300 c c per hour are used, beyond which rate alteration had no 
effect 

2 No o/one was ever detected unless at least 25 volts were applied 
Increasing the voltage increased the yield slowly and regularly, and there are 
no definite voltages where any marked (hanges occur Relatively high pres 
sures are used, and the actual meaning of this voltage requires more discussion 
Calibration of the apparatus was, as usual, made by determining the ionisation 
potential of helium 

3 The pressure has the greatest * fleet on the yield as a ill be seen in fag 2 

Tilt number of molecuhs of ozone pro¬ 
duced per hour at 30 volts are plotted * 3 
against the prcssuie It is noticeable r 
that tin amount of ozone decreases with 1 
diminishing pressure, none being found j i 
below 0 8 mm The rate of increase * 
decreases as the pressure increases £ 

Discussion ; 1 

Excitation of the oxygen is clearlj 
necessary and the failun to obtain o/one ^ 
at low pleasures ean only mean that a 
species of short life is being produced 
which, at the km a pressures, reverts 
to a state lneflcctivi in making o/one befon making a successful collision 
The critical energy to which the electron must be accelerated was found m 
this apparatus to be about 25 volts, which is considerably above the ionisation 
and dissociation potential of oxygen of 20 volts The distance between 
grid and filament was about 1 .5 mm and the pressure 1 mm The mean free 
path of the electron in oxygen at an assumed temperature of 500° C is 1 ,3 mm 
from the kinetic theory or about 1 mm from direct measurements at this 
pressure The mean free path of the electron is then distinctly shorter than 
the distance it must travel without loss of energy in order to acquire its full 
velocity, and only some 20 per cent will have the full velocity It was 
noticeable in these high pressure experiments that the low voltage arc was 
very near to the filament and did not extend to the grid 
There must, therefore, be some uncertainty as to the true energy required 
for the formation of ozone, and the results from the efficiency of the process 



PRESSURE IN mi 

Fro 2 




536 


O H Wansbrough-Jones 


cannot dispel thorn 25 volts is undoubtedly a maximum, but the true mini¬ 
mum cannot be found with certainty except by greatly reducing the space 
between the grid and filament which is not practicable with a valve of this 
type, % e , where a hot wire is Used as a source of electrons None the less the 
yields are undoubtedly low and in no way comparable to the number of ions 
produced, and hence it seems likely that further excitation of ion or atom is 
necessary The most probable interpretation is that atomic or molecular ioiib, 
or atoms which have a long life, are not able to form ozone, but that an ion 
must be in an excited state before it can form ozone The high energy required 
strongly suggests an excited ion rather than an excited atom or molecule 

The yield increases slowly above 2 mm at which pressure the apparatus 
could not be conveniently used on account of the short mean free path of the 
electron and the likelihood of considerable decomposition From 0 8 mm 
to 1 8 mm there was a continuous increase in the yield, while below 0 8 mm 
no ozone was ever detected Turner* has calculated the average life of an 
excited mercury atom when dissociating hydrogen, a calculation based on the 
variation of yield with pressure, and a similar one has been made of the life 
of the oxygen active ion Turner shows that the probability that an ion 
will collide when excited is given by P — r/(T + t) where i is the mean life 
of the excited ion and T the mean time between collisions The uniformity of 
yield with flow speed shows that no back decomposition has taken place, and 
hence that the equilibrium coneentration of ozone has not been reached The 
amount of oxone foimed per unit cuirent will then be proportional to this 
probabihty factor 

Since T is given by pT = 1 /o*A, where a is the nw an distance between the 
centre of two colliding particles and q the quantity of ozone obtained by 
q = C t/(T -+ -) thus 

1 _ 1 1 , 1 

q CAct 2 t ~p r* 

and accordingly a straight line should be obtained on plotting 1/p against 
1 /q, for which, moreover, the intercept divided by the gradient will give Ai^t 

These quantities are plotted in fig 3 and it will be seen that the points lie 
on a straight line for the middle values, from which values, therefore, an 
estimate of the mean life is obtained At the higher pressures, i e , above 
1 5 mm , the yields do not increase as much aB theory demands, but here some 
decomposition is undoubtedly taking place, and this easily accounts for the 


‘ Phya. ltev vol 28, p 464 (1924) 
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discrepancy It is more difficult to account for the absence of ozone below 
0 8 mm According to Turner’s equation at 0 5 mm an amount of ozone 
equivalent to 1 c e of thiosulphate solution should have been obtained, an 
amount detectable with certainty, whereas none was found It is possible 
that the absorbing apparatus was not efficient enough to trap such small 
quantities, and the yields might have been further reduced by the greater 
number of electrons escaping collision at lower pressures 

In the middle of the range the agreement is fairly satisfactory, since such 
factors as variation m the form of the are, the temperature of the gas and the 
alteration with pressure of the efficiency of ionisation and activation arc not 
taken into consideration At first sight it might appear that the last effect 
would be large, but the pressure is so high in all these experiments that few 
electrons escape effective collision To allow for this effect is impossible since 
no knowledge is available as to the efficiency of the activation process The 
i ough linearity of these points is therefore to be used not so much as proof of 
the existence of active species but more for 
the most satisfactoiy method of estimating 
their life 

Fromhg 11 /C=0 095, and I/Act^tC— 0 419 
and therefore A<t 2 t — 0 22 0 
A is equal to 

‘26bb 6 X \/£EM m + * 

' K6 mm, 

where N - t> Ob -c 10», k = 1 371 X Hr 16 , 

0 — absolute temperature, estimateel at 773° A 
and m anel tn 1 arc the molecular weights of 
the colhding molecules, p having been ex¬ 
pressed m millimetres of mercury Assuming for the mome>nt that this 
collision formula is applicable to ions, and that they are atomic ions, m — 32 
and m, = 10, whence A — 4 9 X 10 21 and hence a 2 t — 4 6 X 10 -23 

From the observed energj of excitation it seems most probable that an 
atomic ion is the active species, though Stueckleberg-f gives some evidence 
for an excited oxygen molecular ion at 20 3 volts which quickly dissociates 
to an atom and atomic ion It should be noted that for a molecular ion, A 
is 4 0 X 10« and <j 2 t is then 5 65 X 10" 23 cm 2 sec 



Fig 3 


* Cano, ‘ Z Phyaik,’ voL 10, p 186 (1922) 
t * Phys Rev voL 34, p 66 (1929) 
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Treating the two possibilities separately, for the molecular ion a is at least 
2 9 x 10 -8 , the diameter of the oxygen molecule, and almost certainly more 
than this since all the available evidence shows that on excitation an ion has 
a larger size Moreover the collision formula used applies properly to uncharged 
particles, whereas charged particles would collide more frequently giving an 
apparent larg< r molecular diameter As a lower limit a 2 — 8 4 X 10 -18 
giving an upper limit for t of fe 7 X 10 -8 secs This is a rather short life 
for an excited state and is in agreement with Stueckleberg’s suggestion that 
dissociation takes place very easdy to atomic ions or atoms 

For atomic ions direct, if contradictory, values have been found for the size 
of the ion,* * * § the most probable diameter being between that of an oxygen atom 
and of an oxygen molecule The diameter of the atom is about 1 0 X 10 -3 cm 
and that of the ion is taken as 1 b X 1<>~ 3 cm and therefore <j = 2 25 * 10~ 3 
cm if the atomic ion collides with an oxygen molecule and - is about 10 -7 
secs a not unreasonable value Wien has shown that the hfe of one species 
of excited oxygen ion is about 1 X 10 -7 secs No explanation other than 
the necessity for excited ion of slioit hfe as an intermediate product gives such 
a satisfactory explanation of the diminution in vield with pressure 

The formation of ozone from oxygen at pressures between 6 mm and 0 1 mm 
in a direct discharge between metal electrodes has been examined by Huntf 
who also reports a diminution m yield as the pressure decreases The yields 
are equilibrium yields which are not amenable to the same treatment, but as 
would be expected equilibrium was reached more slowly at the lower 
pressures 

In no other experiments has the pressure been reduced sufficiently for this 
diminution in yield to be apparent 

The suggestion that a highly energised ion is an active lntermediaiy in 
chemical reaction in discharge tubes m general has been put forward by 
Klliott, Joshi and Hunt,} whose view was that before such a reaction could 
t ike place, ions having energy in excess of a critical value must have been 
foimed Rusk§ suggested that the combination of hydrogen and oxygen in a 
low voltage arc was due to excitation of atoms or molecules, secondary to 
ionisation 

* Ruttenhauer, ' Z Phyaik,’ vol 4, p 267 (1921), Ruohardt, ‘ Ann Phywk,’ vol 71 
p 377 (1923), Koemgaberger, ‘ Z Phywk,’ vol 43, p 883(1927) 

t‘J Am Chem Soo ,’ vol 61, p 30 (1929) 

J ‘ Trans Faraday Soc ,’ vol 23, p 67 (1927) 

§ ‘ Phys Rev,’vol 29 p 907 (1927) 
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It seems probable that the photochemical production of ozone is due to the 
presence of 0 4 molecules in oxygen, but there could only be very few of these 
in the neighbourhood of the hot filament, and though Dopel* has found 
evidence for the existence of 0 4 in the dark space of a discharge tube, it does 
not seem possible to correlate it with the formation of ozone in these experiments 
The evidence from these experiments is therefore that, for dry ozone, the 
process of ozone formation is collision between an active ion and a neutral 
molecule Collision between ion and atom or generally between two active 
species would be rare and while showing efficiencies of the same order as in 
these experiments, they would not show tilt same dependence on the pressure 

Summary 

1 It is confirmed that the electrochemical absorption of ox_ygen is a chemical 
process with the glass walls, not necessarily connected with ions 

2 Ozone is not formed by direct collision between normal ions and mold ules 
or atoms and mole< tiles when the gas is drv and at a low pressure 

3 Ozone is formed by collisions between excited ions of life of the order of 
10~ 7 secs and oxygen molecules 


Ann Physik,’ vol 26, p 1 (1928) 
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On the Coefficient of Heat Tramfe-i from the Intel nnl Surface of 
Tube Walls 

By Albert Eagli , B Sc, and R M Ferguson, M Sc , Manchester 
University 

(Communicated by G (t Stonev, FRS —Received Septembc r 9, 1929 —Revised 
Tanuary 21, 1930 ) 

1 Introductory 

The present work on the transfer of heat from a heated brass tube to water 
flowing through it was undertaken for the Butish Electrical and Alhed 
Industries Research Association though the experimental methods pursued 
were left to the discretion of the experimenters Two important innovations 
compared with the methods of previous experimenters were First, the direct 
heating of the tube by a low tension alternating current, and secondly, the 
discarding of the use of thermocouples to obtain the temperature of the water, 
this being calculated for any cross section from the amount of heat put into 
the water up to that cross-section The temperature so calculated is what an 
engineer always understands as the temperature of the water The only other 
way of getting a definite water temperature is to take the temperature at 
points in the axis—a quite unimportant temperature in practice Naturally 
the value that is obtained for the coefficient of heat transfer depends con¬ 
siderably on what is taken as the water temperature 

2 Historical 

Many experiments on the transfer of heat across condenser tubes have been 
made with the outside of the tube steam heated, the amount of heat transfer 
being obtained from the rise of temperature of the water flowing through the 
tube None of this work has any scientific value, however, except in the few 
cases where the actual temperature of the tube was directly obtained by means 
of thermocouples Here are included the experiments of Webster,* (dement 
and Garlandf and McAdams and Frost J Also worthy of mention are some 

* “ Some experiments in the Condensation of Steam,” ‘ Inst Engineers and Shipbuilders 
in Sootland,’ vol 67 (1913) 

t “ A Study in Heat Transmission,” ‘ Bulletin No 40 University of Illinois ’ (1909) 

t ‘ J Ind Eng Chem vol 6, pp 13 18 and 1101 1106 (1922) 
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early experiments by Stanton* m which the temperature of the tube was 
obtained from its ini rease in length 

Webster’s experiments suffer from the disadvantage, among other things, 
that the difference of temperature between the tube and the water was so 
great (the steam outside the tube being above atmospheric pressure and there¬ 
fore above 100° (’) that in view of the greatly varymg properties of water 
over the range from 20° 0 to 100° (’, his results have comparatively httle 
application to the problems of modern condensers Clement and Garland’s 
experiments suffer from the fact that the> used an iron tube of about one-eighth 
of an inch ($ mm ) thick Thermocouples gave the temperature of the out¬ 
side of the tube wlu reas it was the temperature of the inside surface which was 
required , and it has been pointed out by McAdams and Frost that the un 
certainty of the thermal conductivity of the iron render Clement and Garland s 
results uncertain by about 50 per cent Moreover the increasing him of iron 
oxide which must develop with use must make reliance on their results 
difficult 

Probably the most accurate* experiments published when the present work 
began were those of McAdams and Frost, but they had only obtained the 
coefficient of heat transfer for comparatively isolated cases, whereas, owing to 
its great variation, a systematic examination was required covering a wide 
range of water velocities, water temperatures, tube diameters and heat flow 
rates Only when this has been done can any useful theoretical deductions 
be made from the experimental results The experiments of Stanton also 
covered too limited a range , moreover Stanton’s tubes were too short to give 
accurate coefficients of heat transfer since it is not till the water has traversed 
a sufficient length of the heated portion of the tube, to establish the limiting 
distribution of temperature over the cross section, that a definite coefficient can 
be obtained The prest nt experimental values refer entirely to these limiting 
coefficients 

3 Range of Conditions covered by the present Experiments 

The present experiments on commercial brass tubes covered the desired 
wide range of conditions The water temperature was varied from about 
40° F (5° C ) to over 140° F (60° C ), the water velocity from 1 ft per second 
(30 cm per second) to 11 ft per second (310 cm per second), the outside 
tube diameterB from £ inch to l£ inches (inside diameters from 1 02 cm to 
3 56 cm ) , while the heat flow rates varied from 4000 British thermal units 


• Phil Trw».,’ vol, 190, pp 67*88 (1897). 
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per square foot per hour to 20,000 British thermal units per square foot per 
hour (0 30 to 1 50 calories per square centimetre per second) 

For eaoh tube the water velocity was adjusted as nearly as possible to the 
desired round figure of so many feet per second, and tests were taken at various 
inlet water temperatures and rates of heat flow at this velocity 

In the present experiments the experimental tube was cleaned at the com¬ 
mencement of every morning's or afternoon’s experiments, by drawing a wash- 
leather plug through it Other experimenters do not seem to have sufficiently 
realised the necessity of this if accurate coefficients are to be obtained The 
dirt removed was chiefly hydrated oxide of iron from the connecting pipes and 
was especially pronounced at the higher water temperatures 

4 Symbols 

The following symbols are used, all the quantities being in COS units — 
d 2a — diameter of tube , 

0 — temperature of fluid (° C ), 

AO = the temperature difference between the inside tube surface and 
the calculated mean temperature of the fluid at that cross 
section, 

H = heat flow m calones per square centimetre per second of internal 
tube surface , 

A: or Ah = H/A6 = coefficient of heat transfer 
k 0 = value of A when H = 0 , 
p = density of fluid , 

s — specific heat of fluid (at constant pressure in the case of a gas), 
c — thermal conductivity of fluid , 
p. = viscosity of fluid , 
v — mean velocity of flow , 
v m EE pc — “ mass velocity ” , 

f — “ theoretical ” thickness of viscous flow film at tube wall , 

<f>f = actual thickness of above him , 

a = jw/c This measures the departure from the ideal gaseous state 
for thermal conductivity, and might appropriately be called 
the “ coefficient of liquidity ” , 

t = pwi/|x This is known as Reynolds’ number, and may 
appropriately be called the “ coefficient of turbulence ” , 

R = wall friction (in dynes per square centimetre) at tube surface 
causing’the loss of hydrostatic head 
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Z = R/pv® is a function of t only which has been experimentally 
determined by Stanton and Fannell * Z is Bometimes known 
as “ Lees’ function,” he having given an empirical formula 
for it 


5 Dimensional Equations 

The consideration of the dimensions of the quantities involved, shows that 
if Q is the amount of heat gained or lost in umt time by a surface of any fixed 
shape, and of linear dimensions proportional to l, when a fluid of density p, 
specific heat s, viscosity jx, and thermal conductivity c, flows past it with a 
velocity v , and if the difference in temperature between the surface and any 
point in the fluid (in any given direction and at a distance proportional to l) 
is 8, then Q is given by 

Q = pF {s0/v®, ps/c, pvf/p}, (1) 

where F is any function of its three arguments f 

If we assume that the temperature difference, 0, is infinitesimal it is obvious 
that Q will be infinitesimal and that Q/0 will, m the limit, be independent of 0 
In this case Q can only involve 0 through s0/v® as a factor Hence we have 
limit Q/0/ 2 = pw> F {ps/c, pv//p} (2) 

As the left-hand side is proportional to the heat transfer coefficient, k 0 , while, 
for a pipe of diameter d at points too far, both from the entrance and the point 
at which the heating begins to be affected by the initial irregularities due to 
these causes, no linear dimension is concerned save d, we get, on replacmg l by 
d m (2) and inverting the formula for convenience, 

pvs/k 0 =E v m sjk n = F (a, t), (3) 

where a = ps/c, t = pvd/p. and = pv is the mass flow Experimentally, 
pt> is the quantity W /At, where W is the weight flowing past a cross section of 
area A m the time t For water, we have termed v m the “ nominal velocity ” 
Equation (3) does not accurately hold for finite rates of heat flow because 
some or all of the quantities p, s, c and p change with the temperature , and 
* ‘ Phil. Trans..’ A, voL 214, p 199 (1914) 

t See ((AH Gibson, “ The Mechanical Properties of Fluids,” p 180 This formula, 
of course, entirely neglects any transfer of heat through the fluid by direct radiation, and 
so is not applicable to most gases where this may bo a considerable fraction of the whole 
transfer The external pressure to which the fluid is subjected is also assumed by this 
formula to have no effect on Ic This must practically be so for both gases and ordinary 
liquids, but need not be so for liquids and vapours near their cntioal point where the molecular 
complexity changes greatly with a change of pressure 

von oxxvn —a 2 n 



544 


A Eagle and R M Ferguson 


hence to get k then by (3) would necessitate substituting the values of p, s, c 
and p for some unknown temperature intermediate between that of the tube 
and the liquid 


By the principle of small variations and the theory of dimensions we get 
&h, the coefficient for a small but not infinitesimal, rate of heat flow, H, given 


by 




8 rfO 


h d s 

( db 


+ 



(4) 


where the X s are mere numerical constants or functions of the dimensionless 
quantities a and t In the case of many liquids dajdb and dp/dd are negligible 


6 Osborne Reynolds' Theory of Heal Transfer and Us Modifications 
Osborne Reynolds’ well-known theorj of heat transfer, founded on the 
similarity of the manner in which turbulent fluids convey both heat and 
momentum, gives, if we ignore the presence of a viscous flow film over the 
surface, 

v n s/k 0 = Z' 1 (5) 

If a viscous him of small thickness is supposed to cover the tube wall and the 
whole of the turbulent core is supposed to have the velocity v and no thermal 
resistance, it is easily found, by calculating the thickness of the film from the 
viscosity, wall friction and transverse velocity gradient, that 

v n slk 0 = <jZ _1 (5a) 

G I Taylor* allowed for the experimentall} demonstrated fact that the 
velocity at the him boundary is only a fraction, say <f>, of t, so that the film 
thickness is only <f> of the above amount, in this case it can be shown that 
tv/*o = (1 - * - W) Z" 1 - {1 + (<r - 1) # 'L~\ (6) 

an equation first explicitly given by Sir T E Stantonf though he derived it 
from, and it is implied in, Taylor’s paper just cited which was originally pub¬ 
lished prior to Stanton’s paper Equation (6) may conveniently be called 
the Taylor formula though neither Stanton nor Taylor specified that the heat 
flow rate was to be infinitesimal 

It is to be noted that when a = 1 -and it is not greatly different from unity 
for most gases and vapours—the presence or the viscous flow him is without 
effect on the thermal resistance as (6) then reduces to (5) But equation (6) 

* ' Teohnloal Report of Advisory Committee for Aeronautios,’ vol 9, p 423 (1917) 
t ‘Technical Report of Advisory Committee for Aeronautios,’ vol 8, p 10 (1910) 
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is in strong contradiction to what the present results give when extrapolated 
to a — 1 For cr = 1 it will be seen that the results in Table I (p 556) give 
v m s/h o = 1 48 Z -1 when log t = 3 7 

falling to 

v m s/k 0 — 1 04 Z" 1 when log t — <x >, 

showing a vpry large discrepancy at low values of t wluch indicates that when 
the turbulence is feeble the thermal resistance of the fluid is much larger than 
is given by Reynolds theory 

Now Stanton and Pannell’s results on the loss of hydrostatic head show that 
if the loss of head for turbulent flow is extrapolated past the unstable and 
discontinuous region, it will become identical with the loss of head for viscous 
flow when log x ~ 3 07, te, say when t ~ 1175 Since Z -1 is the main 
variable factor in (6) in the expression for v m s/k 0 it may be expected with some 
reason that the k Q s when extrapolated, first to a — 1 and then to low values 
of t, should agree with the calculable results for pure viscous flow at about 
log t = 3 07 Also k 0 for viscous flow is calculated in Appendix A, as 

v n s/k 0 = llo/6Z (7) 

At a = 1 this is v n s/k 0 — 1 833 Z" 1 The present results indicate a very 
satisfactory tending to this value at about log x — 3 07 

It is noteworthy that though the present results differ so markedly at low 
turbulence from the Taylor equation (6) they (losely agree with a qeneral 
linear formula m a, say, 

v m slk 0 = {x + £( a -l)}Z-\ ( 8 ) 

where « and (3 are functions of x only In fact this equation could be made to 
represent the whole of the present results covering from a — 3 0 to a = 10 6 
and all values of x to within per cent Nevertheless the deviation of the 
results from (8) was perfectly regular and systematic and in the manner which 
theory indicated was to be expected Taking (8) to represent the results with 
sufficient accuracy, (7) shows that both a and (3 must become 11/6 for viscous 
flow 

It is, of course, possible to calculate <f> in (b) so as to make k 0 agree with any 
experimental k 0 , but the <f>’& so calculated arc not constants but vary with both 
<j and x Now if <f> has the physical meaning attributed to it, it is absurd to 
suppose it varies with a since it obviously has nothmg to do with the thermal 
conductivity which is involved m a , nor can the heat flow upset the value of 
<f> for we are only deahng with infinitesimal rates of heat flow 

Since the thermal resistance of the viscous flow him cannot, apparently, 

2 n 2 
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be very different from <f> times the value in (5 a),* it appears that the expression 
in (5) cannot be considered as valid for the core but only as the value to which 
its thermal resistance would tend for very high rates of turbulence Comparing 
equations (6) and (8) for both the film and the core we see that (3 = <f>, and that 
the thermal resistance of the core is (« — (J)/(l — <f>) times its value given by 
Reynolds’ theory At t = 5000 (t e, log t = 3 7) this ratio is (see Table I 
below) (1 483 — 0 480) -J- (1 — 0 480) = 1 93, at r = 1,000,000 this ratio 
has fallen to 1 055 , and it is shown in § 14 that there is evidence that it is 
below this, and presumably, exactly unity 

It ib easy to see on theoretical grounds that the thermal resistance of the 
turbulent core must be considerably more than its value given by Reynolds’ 
theory when the turbulence is feeble and sluggish It can also be seen that 
m this case the thermal resistance must depend appreciably upon the thermal 
conductivity for complete temperature equalisation, that is the thermal 
resistance of the core itself must vary (at least when t is small) with a It 
follows from this that it is impossible to apportion the thermal resistances 
of the core and film Smce the resistance of the core will increase with 1 /c it 
m ust increase with <r Hence the (3a term m (8) will represent part of the thermal 
resistance of the core as well as the resistance of the film Consequently <f>, 
the fractional thickness of the film, is less than (3 

7 The Formula Adopted 

As there must be, between the film and the core a region whose mean 
behaviour is intermediate between the behaviour of these, theory indicates 
that v m s/k 0 instead of being a linear function of cr should be a continually 
increasing function of it with a gradient continuously decreasing to some 
asymptotic value, which asymptotic value would give the value of <f> for the 
viscous film This variation with a is exactly what the present results indicate, 
except that m the variation with cr (for a oonstant t) the curvature of the curves 
is so small for the range of <r covered (3 0 to 10 6) that no rate of change in 
the rate of change of slope could be detected 

It follows that the present experiments can be exactly represented by 
v m s/k 0 = A' + B'cr — Co*, 
or, as we prefer to write it, by 

v m alk 0 = A + B (<r — 1) — C (a — l) 1 , (9) 

* The effect of the curvature of the tube wall is easily calculated (smoe //d «*1/Zr) 
and will be found to be quite small 
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where A, B and C are positive functions of t only Inserting Z~ x as a factor 
in the right-hand side, we may write 

v m 8/k 0 = {« + (3 (a ~ 1) - Y (a - 1)*} Z" 1 (10) 

The experimental results gave ample justification for inserting Z" 1 as a factor, 
in that a, (3 and y were all found to be continuously decreasing functions of t 
apparently tending asymptotically to definite limiting values 

Tables of A, B, C, «, (3, y and Z _1 —the latter from Stanton and Panned—- 
are given below (p 556) It may be noted that Z -1 is, as is easily proved, 
equal to 8N, where N is the number of diameters of length in which the loss of 
hydrostatic head is equal to the velocity head It should also be noted that 
formula (10) has only been arrived at for the range 3 0 < a < 10 6, and it 
should not be used when a is, say, >15 The quantity v„s jk Q is necessarily 
always an increasing function of a whereas (10) gives a maximum value when 
er — 1 — (3/2y—a value in the neighbourhood of 40 to 50 
As pointed out above, the resistance of both the core and the intermediate 
layer must increase with rr, so the resistance of the him is less than the [3a term in 
(10), m fact, the (3 appertaining to the him resistance proper should be less than 
the minimum slope given by a + (3 (a — 1) — y (a — l) z over the experimental 
range This slope is (3 — 20y when a — 1 = 10, which is roughly equal to 
0 25 

From the present experiments none of the quantities A, B, C or oc, (3, y 
appear to be simple analytic functions of t so that no attempt is here made to 
find formulae for them A set of large scale graphs which can easily be con¬ 
structed from the tabulated values given below is far preferable to complicated 
empirical formulae 

Although the present experiments have been exclusively confined to water, 
it will be seen from the above analysis that the functions A, B, C and «, (3, y 
must be the same for all fluids, liquid and gaseous, just as Z is the same for all 
fluids The limitations on these results, viz, that they only apply to an 
infinitesimal rate of heat flow and after the initial irregularity has died down, 
must not be overlooked Also, m the case of gases, it must be remembered 
that the transfer of heat by direct radiation may be an appreciable fraction of 
the total amount 

8 Description of Apparatus 

A diagram of the experimental tube with its salient fittings is shown in fig 1 
The dimensions there given apply to the £ inch tube, though tubes of nominal 
outside diameters of £ inch, £ inch, 1 inch and 1£ inches and of mean internal 



548 


A. Eagle and R. M Fergusoi 



Fio 1 —Diagram of Apparatus 


diameters of about 1 025 cm , 1 659 cm , 2 29 cm, and 3 56 cm , respec¬ 
tively, were all employed 

A length of 6 feet 3 inches of a f-mth tube, which was 15 feet m total length, 
was heated electrically by a low tension alternating current, fed into it bj six: 
copper straps of section 1J inches x J mch in parallel* at the heavy brass lugs 
shown, which were soldered on to the tube Two copper-ronstantan thermo¬ 
couples were soldered on to the tube at 13J inches respectively from the ends 
of the electrically heated portion, care being taken that the two wires emerge 
separately, but near together, from a small blob of solder To prevent any 
cooling of the thermo-] unction the two wires were laid down close to the tube 
for about an inch and insulated from it by a thin flake of mica, and the wires 
and the tube at this place were then wrapped round with asbestos rope Two 
grooved rings were also soldered to the tube at two points 5 feet 1 inches apart 
where four small holes had been drilled through the tube wall These served 
to determine the loss of hydrostatic head over the included portion of the tube 
Immediately beyond the heated portion the tube projected into a water box, 
also shown A brass end piece shaped somewhat like a tobacco pipe fitted 
into the end of the f-inch tube and the “ bowl ” served to contain the bulb of 
a mercury thermometer, which was used to obtain the temperature of the outlet 
water, together with the “ cold junctions,” immersed in oil m thin glass tubes, 
of the two thermocouples mentioned above A third thermocouple with its 
hot junction m this bowl was used to obtain the temperature rise of the water 


* Twelve straps in parallel were used for the 1J inoh tube 
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and so to check the electrical heat supplied With the 1-inch and the 1^-inch 
tubes this “ tobacco pipe ” was not necessary, nor was it necessary with the 
f-inch tube at the higher velocities, while it was required m all cases for the 
J-inch tube 

The water supply came from a tank (not shown) 18 feet above the experi¬ 
mental tube The water in this tank could be heated by direct steam heating— 
the steam issuing from nozzles and mixing with the water A motor driven 
stirrer was also provided 

The value of the electric current was given by a bus bar transformer and an 
ammeter which were calibrated together against a Kelvin current balance in 
the Electrical Standards Department of the Manchester College of Technology 
The electrical resistance of the heated portion was obtained by previously 
comparing on the potentiometer the drop of potential across the brass lugs 
with that across a standard low resistance of about 0 002 ohm in series with 
it when a direct current passed through both This was done with water at 
different temperatures flowing down the tube The electrical input was 
taken as given by C 4 R, the error due to the unequal distribution of current 
over the cross section being utterly negligible The extreme c um nts employed 
varied from 520 to 2750 amperes for the different tubes 

The third thermocouple mentioned above had its cold junction immersed in 
oil in a thin glass tube, inserted into the condenser tube about 2 feet before the 
commencement of the heated portion It served to clu ek the electrical heat 
supplied , and the two heats were found to be in quite satisfactory agreement 
being often within 1 per cent and nearly always within 2 per cent The heat 
supplied could be determined with much greater consistent accurar v electrically 
than by this thermocouple, as the arrangement at the inlet water junction was 
not so satisfactory for getting the temperature of the water as that at the outlet 
end, and the diameter of the tube being too small to permit the temperature 
being taken up accurately by the thermojunction, so that it was the C 4 R 
determination of heat which was alwajs used in redunng the results The 
check served, however, to show that there was no reason for doubting the 
accuracy of the electrical heat to more than 1 per cent 

The two thermocouples soldered on the tube were calibrated in situ by running 
water at various temperatures and a fairly high velocity through the tube and 
placing the “ cold-junctions ” cither in ice or in a thermos flask which contained 
oil or water heated to any desired temperature up to about 230° F From 
these results a graph was constructed showing the ‘ thermoelectric power ” 
plotted against the mean temperature of the junctions over a range from about 
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40° F to 190° F The EMF of the thennocopules was obtained on a potentio¬ 
meter m the visual way with a Weston normal cell employed to ensure a constant 
potential gradient down the potentiometer The sensitivity was about 10 cm 
of wire to 1° F 

The mean internal diameters of the tubes were determined by weighing 
them empty and full of water This readily gave the weight of water per 
second corresponding to a (nominal) velocity of 1 foot per second 
The mean water temperatures at the positions of the thermocouples were 
Calculated from the heat put into the water up to those positions , that is, it 
was taken to rise linearly along the tube The temperature drop across the 
tube wall was allowed for, but since the heat was generated throughout the 
bulk of the material this drop was onlj half what it would have been had the 
heat been supplied from outside the tube The loss of heat from the external 
surface of the tube was determined and allowed for, though it was nearly 
negligible 

Three heat flow rates of approximately 4000,12,000 and 20,000 B Th U per 
square foot per hour were adopted as the most convenient (save in the case 
of the l£ inch tube where the rates had to be reduced to 4000, 8000 and 12,000 
on account of the large currents required) As the bus-bar transformer had 
two windings which could be connected either in series or parallel, heat flows 
in the ratio 13 5 gave very comparable ammeter readings in the ratio 
2 \/3 \/5 In the case of the J-inch tube the current was so small that it 
was led twice through the bus-bar transformer 
The alternating supply was from a separate turbo generator and the heating 
current was kept constant by continuous hand regulation of a liquid rheostat 
in the primary circuit of the transformer by an observer watching the bus bar 
ammeter 

Nominal or “ mass flow ” water velocities of 2, 3, 5, 8 and sometimes 1 and 
11 feet per second were mostly employed, and were set as near as possible 
beforehand till the right weight-flow in 5 minutes was obtained Correction 
to these exact velocities was made taking k to vary as i>° 8 Inlet water 
temperatures in steps of about 20° F (or less) from 40-50° F to about 140-150° F 
were taken, this temperature, and the water velocity, being kept constant 
while the tests at the three heat flow rates were made 
To obtain greater accuracy m the k’s the three values of A0 (the net tempera¬ 
ture difference between the tube and the water) were plotted against the rate 
of heat flow and a smooth curve—a slightly curved parabola—was drawn 
through the origin among these three points The AO’s used in calculating 
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the k’a were those taken from this curve This method was especially valuable 
at the higher temperatures where it was difficult to get temperature differences 
correct to the desired 0 02 to 0 05° F, since it was difficult to keep the tempera¬ 
ture of the inlet water constant to anything like this when it was being pre¬ 
heated by 50-100° F 

It is perhaps worth while placing on record here the fact that the potentio¬ 
meter used with the thermocouples was a Callendar and Griffiths bridge with 
the connections transposed for potentiometer use This had the effect of 
doubling the value of the coils m terms of a centimetre of wire and necessitated 
the electrical determination of the “ end com ction ” of the wire With the 
ordinary student’s metre-wire potentiometer first employed very considerable 
difficulty was experienced owing to the large kicks which the galvanometer gave 
on making and breaking its circuit owing to the alternating current flowing 
through the tube to which the thermocouples were soldered With this excellent 
instrument these difficulties, which threatened to make the use of an electrically 
heated tube impossible, disappeared 


9 A Sample Experiment 

In order to allow a critical estimate of the accuracy which the experimental 
method pursued is capable of, we subjoin here particulars of a sample experi¬ 
ment with one of the f-mch tubes The experiment selected was with a water 
velocity of 5 feet per second and an inlet water temperature of about 87° F , 
and was selected because, corresponding to fairly mean conditions, it gives a 
better idea of the magnitude of the temperature rises usually obtained than 
extreme cases 


Sample Experimental Test with a J xnoh Tube —A length of 178 80 inches held a weight 
of 2 1476 lbs of water at 61° F giving a mean internal diameter of 0 6613 inch (1 054 cm), 
an internal heated area of 1 0060 sq ft, and a flow of 210 4 lbs in 6 minutes for a * nominal 
velocity ” of 6 feet per second 


Heat flow First 

1 Heating current in amperes 840 

2 Weight of water in 5 minutes (lbs ) 218 

3 Temperature of outlet water (°F ) 88 9 

4 Temperature rise on inlet (or first) thermocouple 1 87 

6 Temperature rise on outlet (or seoond) thermocouple 2 91 

0 Temperature of outside of tube at inlet t c 90 77 

7 Temperature of outside of tube at outlet to 91 81 

8 Allowed drop through tube wall 0 12 

9 Temperature of inside tube surface at outlet t c 91 69 

10 Resistance of heated portion of tube in milh ohms 1 913 


Second Third 
1468 1870 

218 210 5 

92 0 96 3 

6 60 8 90 

8 89 14 37 

98 10 105 20 

101 49 110 07 

0 30 0 00 

101 13 110 07 

1 924 1 934 
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Heat flow First 

11 C*R heat in B Th U per loot per hour (1 watt = 

3 412 B Th U per hour) 4320 

12 Extra external heat loss due to nse in tube tempera 

ture with eleotno heat 10 

13 Net heat flow rate H 4310 

14 Caloulated water temperature rise from eleotno heat 

and water weight 1 75 

15 Water temperature at outlet t c below exit water 

(=0 18 of above) 0 33 

16 Water temperature at outlet t c [= (3) — (15)] 88 57 

17 Temperature difference between tube and water at 

outlet t c [=- (9) - (18)] 3 12 

18 Above temperature difference corrected to exact 

water velocity 3 14 

10 The same smoothed graphically against H to vanish 

with it [= A0] 3 19 

20 K«H + A0 1352 

21 K corrected lor oonioahty ol tube by adding 0 83 

per cent (see below) 1363 

22 Water temperature for above [= (16) repeated] 88 6 


Second 

13,110 

40 

13,070 

5 33 

0 96 
91 64 

9 49 

9 55 

9 47 
1380 

1391 
91 6 


Third 

21,800 

60 
21 740 

8 91 

1 60 
94 70 

15 37 

15 37 

15 40 
1410 

1421 
94 7 


K extrapolated to zero rate of heat flow gives K„ — 1348 at 87 0° F That is =■ 
0 1825 calories per square oentimetre per second per °C at a water temperature of 30 5° C 
Now o for water at 30 5° C is 5 25 (see Table II, below, p 559) while t = u„ ( d/p — 152 4 
X 1 654 + 0 00792 = 31,830 = log - 1 4 503 Now Table I, below (p 556) using the 
values of A, B and C at log t = 4 50, gives v m a/k 9 — 162 4 /k t — 840 or k 9 — 0 1816 , 
while at log t — 4 503 Table I gives — 0 1818 in very satisfactory agreement with the 
above value especially as the table was constructed long before the above tube was bought, 
and it was bought from a different maker to see, among other things whether the same value 
of k could be obtained from different makers’ tubes 
A source of error discovered rather late in the work was the comcahty of the internal 
bore of the tubes mentioned in item (21) The outside diameters were remarkably constant 
and the same was therefore assumed of the internal bore However, testing the uniformity 
of potential drops over a measured length showed a variation of resistance per unit length 
of from 21 to 13 per oent for the different tubes As this resistance vanes inversely as 
the area of the metallic cross section it was possible to find the actual internal diameter 
at any point from its mean value This necessitated three corrections to the coefficients, 
k, (i) a correction to the heat supplied per unit length, (u) a correction to the area of the 
internal surface of the tube, and (in) a correction to the water velocity * 


* There are certain other small errors which must be considered (1) The water will not 
rise at a uniform rate along the tube since its electrical resistance is not constant, the outlet 
end being warmer than the inlet end This was considered and the effeot found to be 
negligible , (2) owing to the heat flow along the tube in the opposite direction to the water 
velooity some of the heat will enter the water before the point at which it was generated. 
If / is the heated length, S the area of raetalho cross seotion, c b the thermal conductivity 
of brass and 6! the difference of temperature along the tube, tte longitudinal heat flow 
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10 Method of Reducing the Experimented Results 

The values of k recorded m this paper depend entirely upon the temperatures 
given by the thermocouple near the outlet end of the tube , the other one was 
chiefly used to obtain the mean temperature of the tube upon which its resis¬ 
tance depended The values of k, obtained in sets of three as described, were 
plotted against the water temperature at the position of the outlet-end thermo¬ 
couple and were then interpolated and extrapolated to give l for the three 
exact heat flow rates of zero, 10,000 and 20,000 B Th IT per square foot per 


is CySO.z/Z so that the heat flowing into the water between the outlet end thermocouple 
and the end of the heated portion is not 2r ta * 0 18/ * H (0 181 is the distance of the 
thermocouple from the end) but is less than this by c w SQ Jl The ratio of these quantities 
is c ( ,S0,,/O 36md ! H In COS units this becomes 0,/18OOOOH As 0^ is rarely over 
10° V at the highest heat flow rate when II - 1 5 calories per square oentimetre per 
second this effect is completely negligible (1) The differential longitudinal heat flow, 

CftS ^ per unit length, becomes transverse heat flow into the water Assuming a parabolic 

distribution of temperature along the tube given by 0 - 40 OT r (< x)/l- t superposed on a 
uniform temperature gradient (this gices a mid point tempeiature in excess of the anth 
metical mean of the end temperatures by 0 m ) wo see that this differential flow is 8<vS0 m /f 8 
per unit length This bears a latio of 4r,S0 m /W*H to the heat flow into the water per 
umt length Numerically this ratio is 0 m /13O 000H and so is utterly negligible (4) The 
sudden drop of tube temperature which would occur at the point where the heating 
oeases if there were no longitudinal conduction of heat is smoothed off by such conduction 
and the effect of this will extend for some length along the tube Calculation shows that 
for a thin walled tube of thickness t the reduction of the tubo temperature at a distance x 
before the end of the heated portion is approximately JAO e ** where n* — Jfc/fej Taking 
c h — 0 20, t =- 0 1 20 and a very low value of k of 0 05O—its value for water at 5° C and 
2 feet per second —n — 1 24 Ho that at the position of the outlet thermocouple, x ~ 34 
cm this effect is infinitesimal (5) Another error is duo to the heat flow into or from the 
copper straps via the lugs Nt glecting the C*R heat generation m the oopper straps tills 
error was compensated foi by taking the thermocouple readings on the potentiometer 
when the heating current was zero and using these readings as a “ false zero ” This 
method is almost inevitable when it is required to determine small temperature differences 
accurately at temperatures considerably above room temperature by means of thermo 
couples Owing also to this method of working, the external heat loss to be allowod for 
m item (12), above, is not the whole heat lost by the outside of the tube but only the extra 
heat lost by the rise m temperature of the tube during heat flow (0) The remaining error, 
the flow into the tuhe of the C*R heat generated in tho oopper straps, could readily be 
detected with the largest of the three currents, by a noticeable creep in the thermocouple 
readings in those experiments, where, owing to the conditions not being sufficiently steady, 
delay was experienced in gettmg tho readings Such experiments were repeated another 
tunc We do not think that an error of more than one or two parts in a thousand could 
have arisen in the majority of experiments from this cause 
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hour calculated on the area of the internal surface of the tube The sets of 
points for these exact heat flow rates at different water temperatures, but the 
same velocity, were then connected by smooth curves From these curves 
values of k at definite temperatures were selected at the different velocities 
and log k was plotted against log v m These curves were only slightly curved 
lines of a slope approximately 0 77 to 0 81 and enabled the k ’s for the inter¬ 
mediate velocities (whioh were generally 4, b, 7, 9 and 10 feet per second) to 
be obtained 

Having done this work for the four diameters of tubes, the velocities divided 
by the k Q 'a at 40° F (which gives v m s/k 0 since s = 1 sensibly) were plotted on 
a single diagram against v„d for all the different velocities and tube diameters 
Similar diagrams were drawn for each of the temperatures 60°, 80°, 100°, 120° 
and 140° F By theory all the points on each of these diagrams should he 
on a single curve This was found to be so to within 1£ per cent , some 
tubes giving points consistently high and some consistently low * 

The six mean curves on these six sheets were next replotted on a single large 
sheet with their absciss® divided by the viscosity of water for the temperature 
in question The abscissa were then the r’s The quantity o = \ls/c was 
next determined for these six temperatures using Kaye and Higgins’ recent 


* Some of this systematic deviation between one tube and another seems from later 
tests to be due to the oomoality of the tube the three known effeots of comeabty were 
allowed for as above , but in a check test in which the same tube was reversed in direction, 
values of k differing by 2 to 3 per cent were obtained, the difference apparently being 
due to nothing save the reversal The values of k were greater for a converging than a 
diverging tube It is difficult to explain this We can only suggest that vortices of a 
certain diameter are formed in the tube, and when moving along a converging tube tend 
to out away the viscous film more than they would in a parallel tube and thus decrease 
the thermal resistance But even this suggestion seems fantastic considering that the semi- 
angle of the conical surface was only about 1/40,000 of a radian Possibly the slight 
irregularities on the surface were such that they offered less resistance to water flowing 
towards the larger end than towards the smaller end, this would make the viscous film 
thicker m the former oase , and this direction is, of oourse, the direotion in which the man 
dnl was withdrawn from the tube after manufacture , it was to facilitate this withdrawal 
that the tubes were made conical The k’a for the 1§ moh tube were among the high ones, 
but this was thought to be natural as with this tube it was impossible to take the teste as 
many diameters away from the initial disturbances as with the other tubes 
Some tubes from another manufacturer were obtained and tested after the table of 
results in Table I below was constructed These tubes were found to have considerably 
less oomoality than the previous ones, and the values of the heat transfer coefficient obtained 
from them were in very satisfactory accord with the table, as is seen by the sample experiment 
given above which was from one of these later tubes 
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values for the conductivity of water,* in the absence of which the thermal 
conductivity of water could not be considered to be known well enough to 
make the present analysis reliable Ordinates were next drawn for selected 
values of t and the values of v„s/k 0 were replotted as functions of <r for these 
values of t These curves, as previously stated, were found to be slightly 
curved parabolas for which the constants in the equation 

*>»«/&() = A + B (<t — 1) — C (a — 1)* (11) 

were very easily found These constants were then plotted against the 
corresponding value of t when very satisfactory smooth curves were obtained 
In fact the values of k 0 obtained from formula (11) by using the smoothed 
curves for A, B and C agreed with the values of the two large sheets to within 
one-tlurd of 1 per cent practically everywhere 

11 Table of Results 

Table I, below, gives the values as above determined for A, B and C together 
with the values of Z -1 from Stanton and Pannell, and the values of a, £ and y 
defined by a = AZ, (J = BZ and y = CZ 

To get regular smoothed values of Z for this analysis the ordinates midway 
between the two limiting curves marked NPL on Stanton and Pannell’s 
well-known diagram (fig 6 of their paper) were taken as giving Z A formula 
to represent these ordinates has been previously published by one of the 
present writers f 

The above seven functions are given for regular intervals of log t that being 
the most convenient variable to plot them against The next most convenient 
variable is t -4 the values of which are also given Z when plotted against r" 4 
is practically a straight line In the letter to 1 Nature ’ above referred to, 
reason is given for thinking that any correct expression for Z should be 
intelligible, when x is negative, which it is when Z is expressed in rational terms 
of t — 4 This follows since there should be no sudden discontinuity in Z when 
the curvature of the tube wall—which ib 2jd —passes through zero, t e , when 
t~ 4 passed through zero For negative values of t, pv*Z represents the surface 
friction when a very long cylinder of diameter d is dragged axially through 

* ‘Boy Soc Proe,’A, vol 117,p 469(1928) The values of a taken ior the o tempera 
turns were 10 60, 7 00, 6 73, 4 49, 3 02 and 2 99 respectively, the last figure being for 
140° F 

t ‘ Nature,’ voL 123, p 14 (1928) 
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water with a velocity v, which ia thus a matter of considerable theoretical 
interest 


Table I 


log r 

T-» 

A 

B 

100 c 

z- 


0 

| lOOy 

1 

3 6 

0 0031 




195 

(1 55) 

(0 53) 

i (0 03) 

3 7 

0 0684 

307 

99 * 

123 

207 

1 483 

0 480 

0 59 s 

3 8 

0 0541 

311 

97 

124 , 

220 

1 414 

0 439 

0 50 a 

3 8 

0 0501 

315 

90 

120 

234 

1 343 

0 411 

i o a3 s 

4 0 

0 0404 

321 

97 , 

127 , 

250 

1 284 

0 390 

0 51 

4 1 

0 0430 

329 

99 

129 

200 

1 237 

0 372 

0 48, 

4 2 

0 0398 

341 

101 , 

130 , 

284 

1 202 

0 358 

0 46 

4 J 

0 0309 

360 

104 5 

132 

303 

1 175 

0 345 

, 0 43j 

4 4 

0 0341 

372 

108 

133 

32 3 

1 152 

0 333 

0 41 

4 6 

0 0310 

390 

111 , 

134 

344 

1 133 

0 324 

0 39 

4 8 

0 0293 

409 

110 

130 4 

300 

i 1 118 

0 310 

1 0 37 

4 7 

i 0 0271 

429 , 

120 , 

137 , 

388 

1 105 

0 311 

1 0 35, 

4 8 

| 0 0251 

450 

120 

140 

411 

1 1 094 

0 307 

1 0 34 

4 0 

| 0 0233 

470 „ 

132 

143 

434 

| 1 084 

0 305 

0 33 

5 0 

0 0215 

491 4 

138 , 

146 s 

457 

1 075 

0 303 

1 0 32 

« 1 

t 0 0199 

512 , 

145 

160 

480 

! 1 009 

0 302 

i 0 31, 

6 2 

0 0185 

535 

! 161 t 

165 „ 

503 

. 1 004 

0 302 

0 31 

5 J 

I 0 0171 

555 

158 , 

100 t 

624 

! l 000 

0 301 

0 30, 

a 5 

0 0147 




505 

(1 053) 

(0 301) 

1 (0 30) 

6 0 

0 0100 




050 

(1 045) 

(0 300) 

(0 29.) 

00 

0 




800 ? 

(1 040) 

(0 300) 

(0 29) 


Numbers in brackets are extrapolated 

The coefficients k 0 are given from the above table by the formulae 
pvs/k 0 — A -(- B (a — 1) — C (« — l) 8 

— {a + p (o — 1) — Y (« — 1)*} Z _1 

Values of a for water are given in Table II, below, whde a curve of log 1 /(x 
or (jd for water (or other fluid) is very convenient for evaluating log v m dj[L 
or (p/v m d}*, t e , t - * 


12 Coefficient of Heat Transfer at Infinite Velocity 
As pointed out, the equation (6) requires that v m s/k 0 = Z -1 when a — I 
foi all values of t That is, it requires that a in Table I should be unity through¬ 
out It is quite possible, and even likely, that this may be so when t = oo , 
for then, and only then, are the conditions necessary to make Reynolds’ theory 
exactly true completely satisfied Experimentally no values of a less than 
3 0 were employed so that the values for a — 1 are a pure extrapolation 
But it was shown in § 7 that the rate of decrease of i m i/l 0 must increase with 
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increasing rapidity as a decreases Thus it is quite likely that some extra 
term of this behaviour should be added to (10) giving, say, something bke 
t>.«/*„ * {« + P (a — 1) — Y (o - 1)* — 0 04a-*} Z" 1 (12) 

This expression would then satisfy Reynolds’ theory at t = oo and over the 
range of the experiments would introduce a deviation of less than 0 3 per cent, 
which is well within the experimental errors No physical objection can be 
raised against the rr -2 term for giving an infinite value when <r = 0 since a 
cannot be much below unity for anv substance We mention this point 
chiefly for those who may desire to extrapolate our results below a — 3 0 

13 Loss of Hydrostatic Head during Heat Transfer 
ft was one of the original objects of this research to determine the loss of 
hydrostatic head at the same time as heat transfer was taking place For 
this purpose the loss of head over a length of about five sixths of the electrically 
heated portion of the tube was measured on a water manometer during each 
heat-flow test These determinations gave the extremely simple result, in 
nearly all cases, that the loss of head during heat transfer was the same as 
if the water had been at the tube temperature and no heat transfer was taking 
place When inlet water down to about 40° F could be obtained it was found 
that the law was slightly different from this, the loss of head then being the 
same as if there was no boat flow and the water was at its own temperature 
plus about 90 per cent of the difference of temperature between tube and 
water , but with rising temperature this fraction soon became sensibly 10O 
per cent It is shown in Appendix B that for purely viscous flow this fraction 
is theoretically 6/11 ~ 54 5 per cent 

14 Coefficients at Finite Rates of Heat Flou 
We have already given, m § 5 above, the theoretical form of the expression 
for the difference between Ah and k 0 at a heat flow rate H A concrete approxi¬ 
mate expression may bo obtained theoretically when t is large In this case 
« and (3 are sensibly constants , that is, they will not vary with the tempera¬ 
ture, which they do generally since t varies with the temperature through p, 
Neglecting the y term in (10) as being small compared with the other two, we 
have 

= (a — p + Pa) Z" 1 > 

where the « — p term and the term represent the resistance of the core 
and the film respectively Now we have just stated that Z is practioally 
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unaltered by heat flow at the same tube temperature Hence for a finite rate 
of heat flow with a given tube temperature we have merely to ohange (Ja into 
pa where a represents the mean value of a through the film But 


where d 0 is the difference of temperature across the film, and the a is the value 
of or at the tube well temperature Now the difference of temperature from 
tube to water is H jk H ~ H/k 0 , and the temperature difference across the film 
is clearly the fraction (Jo/(a — p -f- pa) of this amount Hence we have 


2 (<x — p + P«) K d 6/ 


whence 


al \2o dO/ k 


Now (k 0 — k H )/k 0 is small for ordmary rates of heat flow m practice, so that 
an approximate evaluation of (13) will suffice It is seen from fig 2 that 



(a — p)/p is remarkably constant over a wide range , from t = 13,000 to 
x = oo it only differs from 2 45 by less than 4 per cent Hence we have, 
approximately, for large values of t, 
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Table II, below, ahows the value of a and ^ for water in Centigrade 

units The values of or ace required for use in conjunction with Table I, 
they involve a considerable extrapolation of Kaye and Higgins’ linear values 
of c, but they have been given to 160° C because values of a for such tem¬ 
peratures arc required for modern feed-water heaters, foi which purpose 
these values of a art amply accurate enough, as when a z 1 the percentage 
change m A 0 for a 1 per cent change m o is only about one-third of what it is 
for cold water , more over, A 0 being so much greater for hot water, the tempera¬ 
ture differences causing the heat flow are so much less that the same accuracy 

in A 0 is not needed The values of ——- — we rc deduced from the values of 
2a aO 

<t by the finite diffuencc formula 


D - A — JA*+ JA^ - 

Table II 


0 

10 

20 

25 

30 


12 45 
10 40 
8 91 
7 73 
I) 75 
6 90 
r > 30 


'/ 


- 1000 da 
lo~ d3 


IS 0 

10 5 

11 l» 
11 0 , 
11 0 

12 O, 

11 2 , 


(2 45 + a) Q 

12 0 
11 0 
9 5 
8 0 
7 0 
6 0 
5 3 


40 

50 

00 

70 

80 

90 


29 

55 

99 

60 

22 

95 


0 


9 

5 

2 


100 

110 

120 


1 74 5 7 

1 60 5 2 

I 40 1 48 

1 27 4 3 

1 17 3 9 

1 09 ! H, 

1 02 10 , 


0 fl 
0 5 
0 4 
0 3 
0 2 


It tnust be remembered that kn and the corresponding k 0 are at the same 
tube temperature and that therefore is at a water temperature of H /k K 
below the water temperature of the corresponding A 0 
Ah the lughei velocities or higher water temperatures the above calculated 
differences between A H and A 0 agreed excellently with the experimental results 
but deviated markedly at the lowei temperatures and velocities 

2 o 
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However, on comparing the actual (Ah — A 0 ) 8 W1 th the values calculated 
for them by (14), it was found that the ratios between them (for various water 
temperatures and velocities) when plotted against t all lay on tho same curve 
for results on the same tube This ratio was taken as an empirical multiplying 
factor Denoting it bv M /; (14) may be written m the revised form, 


jjll 

H 


(15) 


Table 11, above, in addition to giving values of ——- ~ foi water also gives 
la dv 

the same quantity multiplied by - i , while hg 1 shows the multiplying 

factors arrived at for the foui tubes of nominal outside diameters of ^ inch 
{ inch, 1 inch and lj inches respectively In all cases the multiplying factors 
decrease to their theoretical value for unity for values of t ibove bO to 70 
thousand 

For cold water at low velocities A 0 — Au becomes rdatively large , but if 
Ih is compared with k 0 for the same water temperalun (kf say) the difference 
ku — k 0 ’ (whu h is then positive) remains of nearly the same magnitude 

The above theory of the difference between the Ah’s and the k 0 ’s should be 

applu able to all fluids when once the function i ^2 has been detr l mined for 

that fluid An exception must be made in the case of gases wheio the change 
of density i onsequent upon a change of temperature is bo gieat that entirely 
fresh convection currents may be set up by this cause alone This means that 

the above tluory fails because it docs not take into consideration the ^ 

p <10 

term in (4) 

15 The variation of k at the commencement of healiiuj 
A crude investigation, perhaps better than nothing, may be made as follows 
into this difficult problem Treating y and fjd as negligible, and identifying 
P and <f>, as an approximation, we will represent the temperature, 0, at a 
distance r from the axis by 


0 “ —" - v'U - r*l«*)) (lb) 

a — P + po 

where 0* is the temperature of the tube wall, and the temperature at the axis 
has been taken as zero This intentionally makes the temperature gradient 
infinite at the wall to agree with the gradient through the him, which must be 
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infinite if its thickness is negligible It also makes the temjieratme drop across 
the film and con* in the coirect latio [ia (x — fi) Now it is easily found 
that the above tempi raturc distribution necessitates an amount of heat of at 
least equal to 

7i , , y — [4 

«rpi> (--— L -— | 0^ 


per unit lingtli being put into thi water befon such distubution is possible 
Hut the heat put in per unit length per unit time is 27wrH which is appioximatelv 
27TttA o 0„, Substituting pcsZ (a [4 -j |4a) for A 0 we get a (* - JJ )'b/v as the 
Iwu required to impatt this heat But in this turn tin liquid flows a distance 
of (a—[i)/12Z diameters down the tube AsZ~ l - 8 N where N is the number 
of diameters m winch the loss of head is equal to the velocity head, this is 
j (a — [i) N , or, loughly, since (a — (4) is of the order of 0 7 to 0 9, say, JN 
(hameteis It is fauly evident that the value of A 0 will re ach its limiting value, 
roughly, expone ntiallv, and that m two oi tlire e times this ebstance the initial 
effect will have become insensible 

As, for ordmaiv velontics, N varies betwee n about 25 50 this eale ulation is 
in no way meonsiste nt with the t \pe nnie nt whuh gave* values of L at the first 
thermocouple e>f anything up to about 5 p< i eent gieater (when computed 
for the same water temperature) than theise given by the sceemel eouple, wliile 
erne test maele w ith the first the rmocouplc only 1 me lie s from the comine n< < me lit 
of heating gave values of A about 50 pci cent greiter 

If, mste'ael of gcnei vtmg heat at a constant late alemg the tube, the tube had 
been lnaintaineel (by a variable heat flow) at a utmtant It wpuatuir above* the 
water, which is more the condition m a steam eonelenscr, the effect of Hus 
‘ entrance effee t ’ will lie to cause an ejetia heat flow luto the wale r of the amount 
required to preieluce the equihbrium distubution of teniperatuie over the 
cross section Thus we st*e> that the tube will behave as if its length ve*ri* some 
where about 5 (x — (4) N or JN diameteis longer than it ac tually is 

The above inve stigation may be exte nde*d to dctcumne roughly the ehffe icnce 
in the value of A obtained by taking the watci temperature as its axial value 
and the temperature given by allowing the watei at any section to flow* into 
a vessel and to become thoroughly mixed 

We will take the velocity u at a distance r from the axis to be given by 

u = « 0 {[4 -f (1 - p) y/(\ ~ rW)h ( l ?) 

where u 0 is the axial velocity This makes the velocity at flu boundaiy with 
the him a fraction (4 of the axial velocity, aud agrees approximately with 



50 2 


A Eagle aud R M Ferguson 

Stanton and PannelTs determination of the velocity distribution Prom (16) 
and (17) we easily find the “ mixing temperature ” over the cross section to be 

l+± e„, 

4 + 2(1 a (4 + (4o 

so that the tempeiaturc difference between tulie and water, instead of being 
0 r , is less b\ the above amount Hi mo taking the water at its axial tempera¬ 
ture would give smaller k’a m the ratio 

1 + ft x~[i ) 
l 4 + 2(4 a— (4 +(4*1 

If, say, roughly, « -= 1 'l and (4 = 0 4 this gives a ratio of 5 |- +r 7 j kr 
(approximately) making a difference of about 10 per cent with water at 80° F 
It must not be assumed that with cold water when n is large this ratio is nearlv 
unity for the thickness of the viscous flow film has been assumed negligible, 
and that it is only so at high velocities with cold wvter It is shown in 
Appendix A that for purely viscous flow the ratio of the k'a given by these 
two ways of taking the water temperature is 11 18 

Th< authors desire to thank the authorities of the Manchester (’ollege of 
Technology, in tin Engineering Department of which this research was cairn d 
out , the) also owe a debt of gratitude to Dr G Stomy under whose kindly 
help and supervision the work was commenced 

Summary 

The present paper records the determination of the coefficient of heat tiansfei, 
k, from brass tubes to water flowing through them, the tubes being directly 
heated by large alternating currents No definite coefficient of heat transfer 
is obtainable till the temperature distribution over the oross section has 
attained its limiting form The coefficient of course vanes with what the 
water temperature at any cross section is considered to be In these experi¬ 
ments this temperature is taken as the mixing temperatuie of the water flowing 
past the section 

It is shown that the limiting coefficient is, apart from a simple factor, a 
function of Reynolds’ number r — pvd/y. and a EE ps/c (te, viscosity *, 
specific heat — thermal conductivity) only The results for very small rates 
of heat flow can be expressed in the form 

p vs/JL 0 = A + B (a - 1) - C (c - 1)*, 
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where A, B and C are functions ol x onlj given in Table i on p 556 This 
holds for all values of rs up to about 15, and for values of t from about 5000- 
which is only 2\ times the lower eritieal velocity and is the lowest at which the 
flow is stable enough to obtain readings - to infinity 

A theory, agreeing with experiments, is given showing the difference between 
Id and k w , the coeffinent at a heat flow rate II, when x is large and also a 
simple empmeal rule for the differ* n< e when x is not so huge 

An approximate estimate of the distnm e lx fore k settles down to its limiting 
value is also given whali is not mconsisti nt with tin evputmi nts 


App>mu\ A 

('aleillation of k 0 foi Fisrouv Flow 

This problem, though it has been solved btfote,* contains points to which we 
wish to draw attention 

When the temperature distribution over the < ross mi turn has readied its 
limiting form we must hint 

» =SW \- f (r) 


where </ is the gradient along the direction of », the axis of the tube The 
velocity n at any point is known to be given b> 


u^2r (l - d'ed) 

where v is the mean velocity 

The excess of heat flowing radially into a thin cylinder of unit length \nd of 
radii r and r -f- dr per unit time over that flowing out is olesrl} 


3 ( , 30l 

s-,r"sl 


i, 


As the temperature remains steady this is equal to the heat removed bv the 
flow which is 

(2ra dr) pstt 


per umt time 


30 


Writing q foi g- and substituting for »/, we get on equating 


k (r - d/« 2 ) 

The solution of this, oalling the axial temperature rero is 

H = *223L(£ -JL\ 

c \4 16O 2 / 


* See, e g , Nusselt’s peper cited below 
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This gives IpvsffaP/Sr as the temperature at the tube wall and pvsga/2c as the 
temperature gradient at the tube wall As the heat flow per unit area is c 
times the latter quantity we get 

i 0 — 4< / In 

on taking th< a\ml t« mperntiire of zero as the water temperature 
Had we taken the statu m< in temper itun o\er the cross seetion viz , 

-LpTrOidi-lM! 

as tlu tempentiin of tin watu w« should him obtained 
Z„ b u 

while if wi take the kimrnatu mum or mixing timpeiitnre ' given b} 

-L f "‘27ru 0/ <h - LiEE 
-iit J „ IS « 

we get 

*„-2b/ll« ' 2 182< a * 

It is interesting to < \piess this 1 ist n suit in tlu foim piw // „ <qiinl to some 
thing with Z“* nR n factor Wo liavr 
pn 2 Z — li “ 

giving Z — l(j. pivi But we have found 

prs« 0 - 1 lupt’i/21e 
whence, eliminating <• we get 

llff/fiZ, 

so that (10) will hold in this cast alao if we take y = 0 and oc — fi —-11/6 
This known value of * ami [i for viscous flow was a useful guide m drawing 
their graphs 

ArrFNDiK B 

Calculatim of (k n - k 0 ) for Viscous Fbw 
This calculation, though quite elementary, is long and tedious so that only 
the step by step results are given here We will assume that dpjdQ and ds/dQ 
* It should be stated that this result does not agree with the value given by Nuseelt in 
*Z Ver Deut Ing vol 84, p 1186(1910), where as the result of a more elaborate analysis, 
during which he also obtains the initial increase in k a before it settles down to its limiting 
value he gives k — 2 576c/a (probably meant for 18e/7a) There seems, however, no 
doubt about the correctness of the present result 
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are negligible and will denote rfp/</0 and rfr/rfO by p' and r' We will suppose 
that the tempi ratine at the axis is taken as zero and that p and < lefu to this 
temperature We will fuither supposi that the velocity is adjusted so that the 
wall friction is ixaeJly the same as wlun p and r are constant ind that 6 is 
the wall tempuatuie in this latter case 

With p and c vanabh wt find that tin will t»inpiratine becomes 

="l l 

while the teinpcraturf gradu lit at the tube wall and the heat flow per unit area 

1 --) ° and l + ^^O 

lb p r lb p 

times then previous values lespectivelv We also laid tin total flow of liquid 
through the tub* is 


turns its previous value , the total heat carried vwaj by tin liquid is 


/97 t £ 
VI 2b p + 101 r 


) « 


times its former value , and the kinematic < 
liquid is 

V21 p r It 


■ “ mixing temperature ol the 

it)* 


times its former value 
tube and water 


thus making the difference of timperatuie lx tween 


1 d 


\198 p 


106 r 
16 ^ c 


times its former value Dividing the ratio in which the heat flow has been 
increased by this, wo see that 




But this is comparing the new kn with k 0 for the same axial water temperature , 
if it is compared with k 0 for the same tube temperature (which is greater in 
the ratio (c + c'6) c) we get 
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Remembering that by Appendix A, A 0 — H — 110/18 we get 


/«_/ _/J£ja - 

1 605c"/ H ’ 


k R -k 0 -= (0 347 (A'/p. - 0 585 c'jc) H 

If be compared with /„ at the same kinematic water temperature it will be 
found that 




- ti! _ 
'(>05 p, 


me I 


(0 U7 -0 051-') IT 

\ p. < 1 


Since we have assumed such a mean vilocity that, the wall faction, and 
therefore the loss of head is the same as before , and for viscous flow the loss 
of head is proportional to the velocity, and as we have seen the total flow is 
increased in the ratio 




1 , 


it follows that for the saww total flow the loss of head would be increased in 
the ratio 


18 (A 


But, as the loss of head is proportional to the viscosity, this is the same as if 
there were no heat flow (so that the temperature was constant throughout) 
and the temperature of the liquid was 130/18 As 70/18 is the kinematic 
temperature of the liquid, and 110/18 is the difference between this and the 
tube wall temperature, = A0, say, it follows that the loss of head is the same 
as if there was no heat flow qfid the temperature of the liquid was 6 AO -r- 11, 
that is, as if the actual kinematic water temperature was increased by G/ll 
of the difference between this temperature and the tube temperature and no 
heat transfer was taking place 
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Vertical Electric Current v below Thunderstorm* and Shoueis 
By T W Wormeli , Ph D , the Solar Physics Observatory, Cambudgc 
(Communicated bv (' T R Wilson, F US - Received Pi hi unr> "5, 1910) 
[Piatbs 10 17] 

1 / tUioductiov 

In a previous paper* an aiiount has been given of apparatus which was 
found to be suitable foi studying the dischargi of electricity from a laised 
metal point in the strong electric fields which ocour at the surface of the ground 
during thunderstorms and showers The two methods of observation which 
were employed consisted, first, in measuring the quantity of electricity of 
each sign which was discharged from the point in a definite period of time, 
usually the duration of a storm, and secondly, in obtaining a continuous 
rec ord of the current from the point throughout a storm Observations on a 
number of thundeistorms and showers over a period of several months, by 
the first method, showed that there was a considerable preponderance of 
upward discharges of positive electricity, indicating that negative gradients 
of potential predominated at the surface of the ground in such disturbed 
weather conditions Some examples of records obtained by the second method 
were also given 

In the present paper, results obtained by the first method over a period of 
two years are discussed, the observations including all occasions, during that 
time, on which intense electric fields existed at the observing station for a 
sufficiently long time to cause a measurable quantity of electricity to be dis¬ 
charged from the point (The smallest quantity which would be detected by 
the integrating device is about 0 1 milh-coulomb ) The preponderance of 
negative potential gradients during periods of intense electric held lias been 
confirmed over the longer period of time Records obtained by the second 
method are also described, and their bearing on the question of the polarity of 
the clouds is discussed For this purpose, the method of observation is simply 
a convenient way of obtaining an unambiguous c ontmuous record of the sign 
of the potential gradient, and a rough estimate of its magnitude throughout 
periods of heavy ram Finally, the problem of the total interchange of 

* ‘ Roy Soc Proo A. voL 1!», p 443 (1927) 
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electricity between the earth and the atmosphere from known causes is 
re discussed, utilising the results already given 

Throughout this paper the usual convention is adopted of describing the 
vertical potential gradient at the surface of the ground as positive, when the 
electric field is directed downwards, and the ihargo on the ground in the 
immediate vicinity is n< gative A bipolar c loud is said to be of positive polarity 
if the mean height of the positive charge exoeeds the mean height of the negative 
charge 

2 Apparatus 

A full description of the apparatus which was employed in these observations 
was given in the paper to which reference has already been made It will 
suffice, here, to say that the integration of the current was perform! <1 by a 
specially designed gas microvoltameter, which gave the quantities of electricity 
which had passed through the instrument m each direction with an accuracy 
of about ±05 milh-coulomb The current itself could also lie observed by 
allowing it to charge up a condenser until the potential difference was sufficient 
to cause a spark to pass across a small gap, the process of the charging and 
sudden discharge of the condenser being recorded photographically by means 
of the movement of the meniscus of a special type of capillary electrometer 
Thus each vertical step on the records of Plate 16 indicates a discharge of the 
condenser, and the passage to earth of 8 5 micro-coulombs of electric charge 
The records of the current from the discharging point were supplemented 
when possible by observations of the electric field The methods used for tins 
purpose were those developed by Prof C T R Wilson* for measuring the 
electric fields at the surface of the ground due to thunderclouds, and consisted 
m measuring, by means of the same electrometer as was used for the observa¬ 
tions of current, the charge on a raised metal sphere, or other conductor, 
which was maintained at zero potential Thus, when the field was not large 
enough to cause an appreciable discharge current, and when no rain was 
falling, a record of the field itself could be obtained on the plate 

3 The Magnitude of the Currents from the Discharging Point 
(a) Remits of Observations vnth the integrating Apparatus —-It will be con¬ 
venient to discuss first the results obtained with the discharging point and 
voltameter This instrument is examined daily, and usually in fine weather 
no gas collects In showery or thundery weather, the volume of gas produced 
* ‘ Roy Soe Proo A, vol 92, p 555 (1919), * Phil. Trans ,’ A vol 221, p 74 (1920) 
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at each electrodcf is measured after each shower or storm whenever the other 
observations m hand permit but if the showers are at short intervals, it. is 
often impossible to read the instrument until the other observations are 
completed for the daj On a few on asions, owing to abseni c from Cambridge, 
the reading includes effects produced on several days On such occasions 
the values deduced are only approximate, owing to the slow solution of 
the gas 

In 192b the voltameter was attached to the discharging point only when no 
other observations were being made, and the table of results previously 
published (loe nt ) is therefore somewhat incomplete At the beginning of 
1927 a new discharging pole was erected at a considerable distance from the 
hut The discharging point is similar to the old one but the new pole is taller, 
being 12 1 metres high The exposure howevi r is not so good as at the hut, 
the new pole being in the centre of a held fringed bv fairly high trees (The 
nearest tree is about 70 metres fiom the pole ) The voltameter is permanently 
connected between this discharging system anti earth in order to obtain a 
complete record of the quantities of electricity discharged from the pole in 
periods of intense electric fields The results obtained are not strictly com¬ 
parable with the results previously published owing to the different dimensions 
of the new pole The results of observations with this apparatus from January, 
1927, to December 11, 1928, are tabulated bdow All the quantities are m 
miUi-couhwbs The column he aded q x gives the quantity of positive electricity 
discharged from the point, q 2 is the quantity of negative electricity discharged, 
ancl the next column gives the net upward discharge from the point Notes 
concerning the weather conditions arc frequently given The accuracy of 
each inelividu il e ntry is about i 9 r > niilli-coulomb 
Table 1 



■f From the sopaiate measurement* of the volume of gas liberated from each electrode 
it is possible to deduce the quantity of electricity of each sign which has been discharged 
from the point 
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Tallin T -(i ontmund) 


Milll eoulomba 


I Three davs of d< use fog * 
i bog * 

i Several hours of min 
slight ram 

1 Heavy shower followed by bourn of xt< luly nun 

Several hours of heavy lain 
1 Hruf shower 

1 Shower 

Very heavy showi r 
Brief but heavy showers 

Several days of fine weather * 

Bnef shower 
Shower 

| Heavy showers 
j Heavy showc r» with hail 
| Shower 
i Heavy showers 

' Heavy showers 4 few lightning discharges 
took place, the nearest ones being approxi 
mutely 5 kms from the observatory 
I Several showers of which only the rxlremr 
edges passed overhead 
I Further showers 


| Showers 
| Slight shower 

I Shower cloud dt v<loping not quite overhead 
Shower 
Showers 


Showers and prolonged heavy rainfall 
Shower with sleet 


Mav 


It) 0 3 

I 1 H 

21 I 0 4 

! 4 6 

23 2 5 

31 | 0 8 


Slight showers 
Heavy shower 
Slight shower 
Showers 

Showers lhese did appear to pass overhead 
Rain. 




id 

21 


2 5 
1 8 
7 0 
0 S 


1 4 Showers during the mght 
0 Steady rain for an hour 

5 5 Heav y showers 

0 9 
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Table I (continued) 


H( u\y thunder show 

Showers 

Showers 


Meditate tliundorstniin |hsm <1 me rlieod 
' Ham 
i Showers 
Thunderstorm 


i I'hundcrstoim marcst Hashes about b kms 


1 Heavy tain and strong mud 


Prolong* d rainfall 
Rainfall for 24 hour, 


A shower 

Showers 

Dntzlt and ram 

Heavy rain for bcvi ml horn's 

Overcast sky little rain 
Slight fall of snow 
Slight fall of snow 
Heavy drifting snow which la; 
The voltameter was read on 

Showers 

Ham. 

Prolonged rain 

tog followed by drizzle 





T W Wormell 




Vory heavy shower 
Rain and drizzle 
Showers with hail 

Very hoavy hail shower* \ few lightning 
dut barges occurred 




Vvnul hours of luavy lain during the night 
Showers 

bhowci-cloud passing and developing Jjrwgo 
of cloud overhead One pi al of audible 
thunder 
Several showers 
Heavy shower 
Slight showors 

Heavy shower with sleet followed b\ si vi rul 
hours of nun 

Overcast with oiiasional slight ram 

A sharp thunderstorm about 10a in hlashes 
were occurring at about 4 ptr minute and 
many were striking the ground A lioo was 
struok 150 metres from the discharging puli 
Rainfall extremely hiavy 
Several hours of heavy rain followed by 
showors 
Slight ram 

Several showors One pial of thunder audible 
Several showors 

Thunderstorm of nmdorate intensity pass* d 
slowly right overhead Several flashes wore 
within 1 km 


Hoavy ram 

Moderate thunderstorm passed rapidly over 
head 

Very heavy showers 

Showers One lightning disohargo about 10 
kms away 

Slight showers 

Heavy shower which developed into a thunder 
storm after passing over 

Moderate showers 

Hours of steady nun 
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Table 1—(continued) 

—- - -- — . — -- 

I MilU coulomb# 



| 

•Vi 

j V« 1 

| Vi - <lt 

i 

1928 

1 





fuly 

27 i 

1 2 

1 2 

'+ 20 

1 Miowt rs of thumb ly type Distant 1 


10 

0 7 

, 0 1 

0 8 

j Hi avy rain 

August 


25 2 

| 10 1 

( U1 


Septembei 

18 

1 0 

1 0 




25 



i * 7 



28 

0 8 

0 

j 0 8 

1 Short slimier 

tic tuber 

H ’ 

1 4 

! 2 9 

|-1« 

1 Showers of moderate intensity 


9 

r> r > 

1 3 8 

1 (-19 

Showers 


19 , 

1 9 


i 9 

Showers and continuous ram 


23 

7 2 

' 1 2 

1 6 0 



24 

0 7 

i 0 

1 0 7 

Heavy showi r 


211 , 

0 5 

1 0 7 

- 0 2 

Showers 

Novemlxu 

12 i 

0 

] | 

1 - 1 3 

('ontimious rain foi si v< rid hours 


24 1 

l 1 


'4-13 

Heavy rain and showers 


25 | 

4 11 

2 1 

2 5 

Heavy showers and squalls 

December 

111 , 

2 U 

| 2 2 

0 4 



21 

2 9 


1 2 9 

Moderate rainfall 


31 1 

22 5 

| 0 5 

' 22 0 

Much heavy ram and some snow 


1 

0 

0 3 

1-03 

Showi rs 


Over the whole period there is a definite excess of upward discharges of 
positive electricity from the point, the total expressed in coulomb a being as 
follows* — 


Positive or upward discharges 
Negative discharges 

Net upward transfer of oleotnoity from tl 
single point 


j 1027 j 

1 

1928 

Total 

0 28, 

0 23, 

0 52, 

0 14, 

0 11, 

0 25, 

0 14, 

0 12, 

0 26, 


In order to demonstrate the consistency with which this excess of upward 
discharges oocurs, the totals for periods of three months have been drawn up 
in the table below, the quantities here being expressed m naUi-coidombs 


* In 1929, the results were again of about the same magnitude, tho net discharge of 
positive oleotnoity being 0 11 coulomb 
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- j ?1 

7< 

(7i - ?.) 

r 123 

34 

89 

75 

40 

35 

50 

30 

20 

35 

38 


r 40 

27 

* 

04 

31 

43 

40 

23 

17 

53 

15 

38 


The one exception to the uniform positive sign of the quantities in the last 
column is due mainly to the large excess of downward current (indicating a 
predominance of positive potential gradients) which accompanied the excep 
tionally heavy snowstorm of December 25 26, 1927, when heavy snow drift*- 
formed near the discharging pole f 

A few of the entries m Table I call for special mention There is normally 
no detectable discharge current from the point in fine weather, but on a few 
occasions neat the maximum in the annual variation of the fine weather electric 
held a small downward discharge current could be detected, of the order of 
10 -8 ampere, when the sky was free from cloud It would appear that 
occasionally this current may become big enough to give bubbles in the volta¬ 
meter which are sufficiently large to be measured Thus the entries of January 
26 and March 18, 1927, were apparently due to fine-weather current Again, 
during fogs, appreciable downward currents were sometimes recorded, e g , 
February 14 and 16, 1927 The occurrence of fairly large positive gradients 
of potential in fogs is a well-established phenomenon 

If we exclude the few cases which come under these two heads, marked with 
an asterisk m Table I, all the remaining entries are effects of the potential 
gradients associated with precipitation Of the 147 entries in the table when 
the effects were associated with precipitation, 103 show an excess of upward 
current, 34 an excess of downward current, and m 10 the net discharge 
was zero 

If we now classify these readings according to the magnitude of the quantity 
discharged up or down, whichever happened to be greater, we obtain the 

t Pre\ jouh obwei vers have remarked on the association of high positive gradients of 
potential with the occurrence of drifting snow See, for example, Simpson, ‘'British 
Antarctic Expedition, 1910-13,” ‘ Meteorology,’ vol 1, p 309 
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following table showing the number of occasions on whioh the net effect was 


an upward or downward discharge^yTent 


Greatest quantity 
discharged in one 
direction, in 
mUii coulombs 

Number of oooosions of 

Excess of 
upward 
ourrent 

Excess of 
downward 
ourrent 

Net offeot cero 

> 20 

4 

1 

0 

10-20 

8 

0 

0 

<1-10 

IS 

1 

1 

3-8 

18 

7 

2 

1-3 

32 

14 

3 

< 1 

28 

11 

4 


This table may be summed up in the statement that, when the quantity 
discharged in either direction was greater than 5 milli-coulombs, there were 
27 occasions of a net upward discharge and only 2 of a net downward discharge 
(one of these being in exceptional weather conditions), when the discharge 
in each direction was less than 5 milli-coulombs there were 76 occasions of a net 
upward discharge and 32 with a net downward discharge 
It must be borne in mind that the duration of the electric fields which 
caused the discharge of these various quantities from the point was very 
different on different occasions The results indicate, however, that the pre¬ 
dominance of upward currents and of negative gradients of potential is muoh 
more marked when fields are very intense (frequently of the order of 10,0()0 
volts per metre), than during rainfall in which the maximum fields are only 
of moderate intensity (of the order, perhaps, of 1000 volts per rdetre) In 
cases of the latter type, although occasions of preponderating positive potential 
gradients are relatively more frequent than m the cases where very intense 
fields occur, yet, even m such cases they are less frequent than occasions of 
preponderating negative potential gradients 

This generalisation would appear to be true both of isolated shower clouds, 
and of occasions of persistent rainfall 
( b) The Variation of the Current and Electric Field as a Single Shower passes 
overhead —In Plate 16, a, and fig 1 are reproduced a senes of enlargements from 
the onginal records, and a curve deduced from them, showing the variations 
in current and field obtained dunng a very heavy shower on March 27, 1927 
The cloud was a typical cumulo-nimbus cloud with ‘ anvil ” top On this 
occasion there were no other clouds m the vicinity throughout the period of 

2 p 
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the observations There were, however, some distant shower-clouds in some 
of which lightning discharges were occurring The record shows the variation 



In all the figures the curve is drawn as a continuous lino where it is deduced from a photo 
graphic record, and as a broken line where it is plotted from visual observations 
of current and held as the cloud travelled overhead The first portion of the 
record is of the potential gradient, while the cloud was approaching from a 
distance The sphere* was raised at 15 h 10 m , the potential gradient was 
then positive and had a value of about -f 200 volts per metre The value of 
the positive potential gradient soon began to increase steadily as the cloud 
drew nearer, if the effects of some distant lightning discharges are neglected, 
and at 15 h 15 m , when the sphere was lowered for a few seconds, had reached 
a value of + 600 volts per metre At 15 h 20 m , when the sphere was lowered 
and shielded, a downward discharge current had commenced and it gradually 
increased in magnitude until 15 h 28 m , indicating that the positive potential 
gradient was still increasing Visual observations showed that the potential 
gradient remained positive until about 15 h 33 m , when it reversed in sign, 
and very soon there was a large upward discharge current Heavy rain began 
to fall at the observing station at about the same time that the reversal of the 
field occurred The record shows that this upward current, and consequently 
a negative potential gradient, persisted until 15 h. 55 m , heavy rain falbng 
throughout this period The centre of the shower was overhead at about 
15 h 45 m From 15 h 55 m onwards a slowly decreasing downward discharge 
current, indicating a positive potential gradient, was observed After the end 
of the photographic record, visual observations showed that as the cloud 
receded into the distance the positive potential gradient gradually decreased 
•CTR Wilson, loc eU 
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until it approached the fine weather value Values of + 600, -f- 400 and -f- 200 
volts per metie were observed at 16 h 13 m , 16 h 15 ra , and 16 h 24 m , 
respectively By this time the cloud had receded to some considerable distance, 
and overhead the sky was quite free from cloud 

During the period of heavy rainfall the test plate was exposed for a few 
seconds at 15 h 45 m , 15 h 48 m, and 15 li 52 m It must be pointed out, 
however, that the test plate* is quite close to the discharging pole —{4 metres 
from the base of the pole)—and that consequently the field measured at the 
test plate may bo diminished by the space charge discharged from the point, 
and also that the (barge on the rain may be affected by falling through part 
of this space charge Thus, neither the observed value of the field, nor the 
observed sign of the charge on the ram, can be taken as fair samples of the 
effects which would be observed over open ground Definite evidence has 
since been obtained that the discharging point does exercise an appreciable 
shielding effect on the test plate in intense fields The record shows, however, 
that, on this occasion, the electric field at the surface of the test plato was 
about 8000 volts per metre at 15 h 45 m and about — 4000 volts per metre 
at 15 h 48 m and 15 h 52 m The charge on the ram when it reached the 
test plate was positive at 15 h 45 m , negative at 15 h 52 m , and could not 
be detected by this rough observation at 15 h 48 m 
Plate 16, B, and fig 2 show the variations in discharge current and electric 
field as a showei cloud passed overhead on March 26,1027 Before the shower- 



cloud approached, the sky was clear overhead and there were no other clouds 
in the neighbourhood The first observation, os the cloud was approaching, 
showed at 12 h 50 m when the sphere was raised for a few seconds, a positive 
* C T R Wilson toe ct< 
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potential gradient of 550 volts per metre, winch was increasing A minute 
later, the downward discharge current had become appreciable and ]ust one 
spark passed The front edge of the cloud was now just about overhead and 
slight ram was beginning to fall The positive potential gradient now 
decreased again, and reversed, and just before 12 h 53 m sparks began to 
pass, due to an upward discharge current Just as this upward current started 
the rain became very heavy and some hail fell The upward current reached 
a maximum value of 2 8 microamperes and just after 12 h 56 m its sign 
reversed again, remaining downwards for about 2 minutes The current then 
became upwards again, this reversal again being associated with an increase 
in the intensity of rainfall after a temporary lull In this period the upward 
current reached a maximum value of 5 0 microamperes At 13 h 2 5m the 
current became downward and remained so until it gradually became in 
appreciable at about 13 h 22 m The rear edge of the shower was overhead 
at about 13 h 10 m and another shower-cloud was now passing fairly near, 
but to one side of the observing station This second cloud was never 
sufficiently close to cause ram at the discharging pole The long persistent 
downward current and positive gradient of potential at the end of this record 
are almost certainly due, partly to the effect of this second cloud passing on 
one side, and partly to the receding shower which has passed over At 
13 h 25 m the potential gradient had diminished to -J- 200 volts per metre, 
measured with the sphere , this is still somewhat greater than the fine weather 
field The sky overhead was now free from cloud 
Plate 17 and fig 3 represent the results of records obtained on March 30, 
1927 On this occasion several shower-clouds passed near the apparatus but 



m no case did the centre of the cloud pass overhead As the first cloud was 
approaching, the potential gradient was observed to increase from + 60 volts 
per metre to about +100 volts per metre The photographic record then 
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commences At 11 h 46 5 m the potential gradient had decreased to + 37 
volts per metre, the sphere being raised for a few seconds It was then raining 
slightly The rainfall increased and became heavy for a few seconds but 
there was no appreciable discharge current At 11 li 50 m the sphere was 
raised again for a few seconds, the potential graditnt being — 130 volts per 
metre The ram now stopped and at J1 h 52 m the sphere was raised and 
left m position The potential gradient was now — 600 volts per metre and 
soon after this there was a small upward discharge current The subsequent 
variations in the field are shown in the curve of fig 3 The active portion of 
the cloud was never ver> near and, as the positivi potential gradient decreases 
from 12 h 5 m onwards, the cloud was d< finitely receding Later, the 
positive gradient of potential increased again as the fringe of another shower- 
cloud passed overhead 

Fig 4 represents the variations in discharge current and electric field as a 
shower passed over on March 26, 1927 The cloud covered a fairly wide area 
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and passed overhead, but the rainfall at the observing station was never very 
heavy Regions of heavier rainfall appeared to pass on both sides and this 
rather suggests that these may have been two regions of electrical activity 
A positive gradient of potential was observed at the beginning and end although 
the field scarcely exceeded the fine-weather value in either case The positive 
potential gradient near the centre, at 15 h 36 m coincided with a temporary 
cessation of rainfall at the observing station In the most intense fields, which 
occurred when the rainfall was heaviest, the potential gradient was negative 
Fig 5 shows a record with a distribution of field of an unusual type As the 
shower-cloud approached, it had the appearance of a grey sheet of stratiform 
cloud and was therefore probably of rather small vertical thickness The 
electric field had been very small for some time and the approaching cloud did 
not produce any appreciable effect until the front edge of the cloud was almost 
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overhead, when the potential gradient became negative and increased rapidly 
The subsequent variations in field are shown by the curve The heaviest 



rainfall occurred during the period of negative potential gradient near the 
beginning The rain was slight during the period of positive potential gradient 
in the middle of the record and ceased altogether about 15 h 37 m As the 
cloud receded, a slowly decreasing negative potential gradient was observed 

4 Interpretation of the Records 

In endeavouring to interpret these results it must be noted that the intonse 
eleotno fields which have been studied have been almost invariably associated 
with precipitation or with clouds of cumulus type, and consequently with 
vertical air convection currents Thus, whatever the mechanism of the pro¬ 
duction of the electrical charges in such cases, the primary effect will consist 
in the vertical separation of oqual and opposite charges The various processes 
of dissipation of the charges will be very different for the upper and lower charges, 
and consequently the two charges m the cloud may become very unequal, 
but a vertically bipolar cloud will tend to be produced One would expect that 
a shower-cloud or a thunder-oloud in which the lightning discharges were 
infrequent, would after a time reach an approximately steady condition such 
that the rate of dissipation of each charge was equal to the rate of separation 
o 'charges m the oloud This suggestion derives considerable support from 
the form of the “ recovery-curves ” of the electric field after a lightning-dis¬ 
charge, which are such a remarkable feature of the records of the electric 
fields of thunderstorms obtained by Wilson (loc cut) If one examines the 
record of the field due to a fairly distant and approximately stationary thunder- 
oloud m wlnoh the discharges are not very frequent, it will be observed that 
immediately after a discharge, the field vanes rapidly, the magnitude of the 
rate of variation per second being frequently about one-seventh of the sudden 
change in field produced by the discharge The rate of variation of the field 
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soon decreases, however, and the field frequently reaches a steady value which 
may remain constant for several minutes until another discharge occurs 
There is thus some justification for hoping that one may in some cases observe, 
as a shower cloud passes overhead, variations in field due mainly to the motion 
of the cloud as a whole, in an approximately steady condition, over the 
observing station There will in all cases be some uncertainty m decidmg 
what part of the variation in the held at a given point with time, can be ascribed 
to a motion of the cloud as a whole, and what part is due to variations of the 
electrical charges in the cloud It seems worth while, however, to compare 
the observations of the mode of variation with time of the electric field at a 
single point on the ground, with the effects whioh would be produced if a 
oloud with constant electrical charges passed overhead 

The observed preponderance of negative gradients of potential would Beem 
to indicate at once, that, in the majority of clouds, either the negative charge is 
below the positive charge, or that the negative charge is much greater than the 
positive charge In order to decide between the two possible interpretations, 
it is necessary to consider the actual distribution of fields which has been found 
to occur beneath shower-clouds The distribution of electric field at the 
ground, produced by a vertical bipolar cloud of the type considered, depends 
very greatly on the way in which the charges are distributed through the 
volume of the cloud The case in which the two charges are so distributed 
that they can be treated as if each was concentrated at a point was first dis¬ 
cussed by Wilson (loe cit) It is possible however, to obtain some information 
from observations of the field without making any assumptions as to the 
actual distribution of the charges 

The field due to a cloud at a distance, L, large compared with the dimen¬ 
sions of the cloud is given by the equation 

F « 2 {QA - QA}/L=>, 

where Qi and Q, are the magnitudes of the total positive and negative charges 
respectively in the cloud, and h t and h t are the mean heights of these two 
charges Thus the sign of the potential gradient due to a distant oloud is the 
sign of the quantity 2 (Qi^i — Q A)> which may be called the electno moment 
of the cloud 

In practice a difficulty may arise in that, at very great distances from the 
shower-cloud, the vertical field which it produces will be bo small that it 
cannot be disentangled either from the normal positive potential gradient, 
which occurs m the absence of clouds, or from the effects of other olouda, on 
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the other hand, it is necessary to make the observations at a considerable 
distance from the shower-cloud m order to obtain definite evidence of the sign 
of the moment of the cloud In a number of cases, however, the effects of 
isolated shower-clouds can be traced to distances exceeding 10 kilometres 
When, in such cases, the potential gradient due to the distant cloud has the 
same sign, both when the cloud is approachmg and when the cloud is receding 
after passing over, and in each case diminishes in intensity with increasing 
distance, then one may deduce fairly definitely the sign of the total electric 
moment of the cloud If moreover the predominating sign of the intense 
potential gradient when the cloud is overhead, is the reverse of the smaller 
gradients observed while the cloud is distant both when approaching and when 
receding, the evidence becomes still more conclusive, and strongly suggests 
that the sign, both of the electric moment of the cloud, and of its polanty, 
is the same as the sign of the potential gradient due to the cloud when at a 
considerable distance from the observing station These points oan best be 
elucidated further during a study of individual records from the point of view 
of this paragraph 

The shower recorded in fig 1 gave a positive potential gradient as it was 
approachmg and agam as it was receding This shower was, moreover, 
observed until its distance was estimated to be at least 15 kilometres There 
were throughout the record no other clouds Buihoiently close to cause any 
ambiguity m the sign of the field due to the cloud which was being studied 
One can thus say definitely that this cloud had a positive electric moment 
while it was approaching and also while it was receding Thus m the notation 
previously employed, Q 1 A 1 > Q 2 A 2 Again, while the cloud was overhead, 
and throughout the period of heavy rainfall, the potential gradient was 
uniformly negative and was much greater than any positive gradients of 
potential which occurred during this record The conclusion would seem to 
be that this was a cloud of positive polanty, the negative charge being, on the 
whole, below the positive In the notation employed above, > h 3 

The only possible way of escaping from this conclusion would be to postulate 
a very rapid change in the charges m the cloud just as the front edge was 
passing over the otfe&ving station, and, agam, an opposite senes of changes, 
equally rapid, just as'the rear edge was passing over the station Even if it 
is posmble for such changes to occur with sufficient rapidity, it would be a 
remarkable coincidence that this double senes of changes had occurred just at 
the correct instants to cause the whole record to simulate so closely the effects 
which would be produced if a cloud of positive polanty, with approximately 
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constant charges, had passed overhead It is much more probable that we 
were indeed actually observing the effects of a cloud of positive polanty 
Moreover, there is no escape from the conclusion that the moment of the cloud 
was positive while the cloud was approaching, and while it was receding 

Unfortunately, the records obtained are rarely so simple as m the case just 
discussed In the record of fig 2, for example, a positive potential gradient 
was again observed as the cloud was approaching When the cloud had 
passed over, the observations were comphcated by the proximity of a second 
cloud, the two clouds together producing a positive gradient when in the 
distance A great preponderantc of negative gradients of potential was 
observed beneath the central portion of the cloud, and the gradient was always 
negative m regions of heavy rainfall Again it would seem that w e are dealing 
with clouds of positive polarity 

Fig 3, again, was a record obtained while two tlouds passed successively 
somewhat to one side of the observing station, the fields never becoming very 
intense 

The edge of the first cloud passed overhead and some rain fell, just at this 
time the potential gradient was negative The second cloud also passed 
definitely to one side, very little rain falling from it at the place of observation 
The second cloud was nearest to the observing station at about 12 h 30 m 
The record suggests that the electric moment of both clouds w as positive, » e , 
Qi^i > Q^ 2 The small region of negative potential gradient just as the 
centre of the first cloud was nearest to the observing station suggests that this 
cloud, at least, was also of positive polarity The persistence of the positive 
potential gradients was, however, unusual The whole record is in accordance 
with the view that two clouds of positive polarity weri being observed, and 
that in each case the upper positive charge was greater than the lower charge 
It was noted at the time that the vertical thickness of these clouds appeared 
to be rather small The rate of dissipation of the upper charge might conse¬ 
quently have been less than usual 

Fig 4 was inserted as an example of the complicated records which are 
sometimes obtained, and from which it is scarcely possible to draw any definite 
conclusions with regard to the polarity of the cloud conoemed 

The record of fig 5 is an example which definitely suggests a cloud of negative 
polanty, in that the mam phenomena observed were two regions of negative 
potential gradient with a region of positive potential gradient between them 
In this case, however, the most intense fields and the heaviest rainfall occurred 
m the region of negative potential gradient at the beginning of the shower 
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The few records which have been discussed in detail have been selected 
tnore or less at random, or on account of the suitability of the plates for repro¬ 
duction and of the occurrence of fairly definite and unambiguous meteorological 
conditions , they are quite typical of the type of record which has frequently 
been obtained The records considered were interpreted tentatively as 
follows The first two, represented in figs 1 and 2, were interpreted as indicating 
the presence of clouds of positive polarity Fig 3 did not give very definite 
evidence but suggested a cloud of positive polarity rather than the reverse 
Fig 4 could yield no definite conclusion as to polarity Finally fig 5 was 
interpreted as due to a cloud of negative polarity Similar records were 
obtained when the conditions were fairly definite and the effects could be 
ascribed apparently to single shower-clouds on 22 occasions during 1927 
An attempt has been made to interpret all these records on similar lines 


The results were as follows — 

Definite indication of a cloud of positive polarity 6 occasions 

Definite indication of a cloud of negative polarity 2 ,, 

Interpretation doubtful but positive polarity suggested . 4 „ 

Interpretation doubtful but negative polarity suggested 2 , 

No definite evidence of polarity of either sign 8 „ 


In the majority of records included under the last head, the changes of sign 
of the current and electric field were very complicated, and frequently the sign 
of the field when the cloud was approaching was the reverse of that observed 
when the cloud was receding 

Of these 22 reoords, in 14 cases the maximum upward current was greater 
than the maximum downward current, m 7 cases the reverse was true, in 1 case 
the maximum current m the two directions was equal Again, if we select 
the occasions when the electric fields were very intense by considering only 
these records in which the current in one direction or the other exceeded 5 
microamperes at some time during the shower, we are left with only 6 reoords 
Of these 4 were interpreted as being definitely due to a cloud of positive polarity, 
1 as being probably due to a cloud of positive polarity, and 1 yielded no definite 
indications of polarity 

To sum up, the observations have definitely shown that shower-olouds 
have, frequently, positive electric moments Indeed, m the majority of oases 
where definite observations could be made, the moment of the cloud was 
found to be positive This result and the previously established result of the 
great preponderance of negative fields below the clouds, whioh lias been shown 
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to be true both generally by observations with the voltameter, and also, in 
detail, for the particular clouds now being considered, have been interpreted 
as indicating that many of the clouds were of positive polarity This result 
is in agreement with the interpretation which Appleton,* * * § Watson-Watt and 
Herd, and Hchonlandf have placed upon the observations by Wilson and by 
themselves, of the changes of electric field produced by lightning discharges 
The result, on the other hand, is not considered to be m agreement with the 
very definite distribution of electric charges in a typical cumulo-nimbus cloud, 
which Simpson} has suggested, to account for the observations on lightning 
discharges 

5 The Total Exchange of Electricity betiret n the Earth and the Atmosphere 

It si ems desirable to attempt a redisuission of the problem of the interchange 
of clectnciti by known processes between the ground and the atmosphere, 
using the results of the observations which have been tabulated in tins paper 
An endeavour will bo made to estimate as accurately as possible the sign and 
magnitude of the total effect, in the course of a year, of the mam processes 
which arc known to transfer electrical charges from the atmosphere to the 
earth or in the reverse direction The four mam processes which will be 
considered are, first, the ionisation current of fine weather , secondly, the 
convection of electrical charges by precipitation, thirdly, the charges trans¬ 
ferred by lightning discharges, and, fourthly, the currents earned by point- 
discharges in periods of disturbed weather conditions For definiteness, a 
circular area of 1 square kilometre, surrounding the observatory where the 
observations on point discharges were made, will be considered For the mean 
value of the fane-weather current, a downward current of 2 X 10~® amperes 
per square kilometre will be assumed If the duration of disturbed weather 
conditions is neglected, the total effect m the course of a year would be about 
60 coulombs per square kilometre 

No systematic senes of observations of the charge caused by ram has been 
made m Cambridge, but an estimate of the order of magnitude of the effect 
may be made from the results of numerous observers elsewhere The values 
of the mean charge per cubic centimetre of precipitation, found by vanous 
observers vary from -j- 0 176 esu according to Simpson at Sunla,§ to -f 0 029 

* ‘ Eoy Sue Proc A, vol 111, p 054 (1920) 

t ‘ Roy Roc Proc A, voL 114, p 229 (1927), and vol 118, p 231 (1928) 

J ‘ Roy Soc Proo ,’ A, vol 114, p 376 (1927) 

§ ‘ Phil Trans ,’ A, vol 209, p 379 (1909) 
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e 8 u according to Schindelhauer at Potsdam * Assuming an annual rainfall 
of 60 cm , Simpson’s value would indicate the convection of + 34 9 coulombs 
per square kilometre to the ground per year, that of Schindelhauer +57 
coulomb per square kilometre per year Simpson’s value is almost certainly 
too high for conditions m this country, the great majority of his observations 
being made on thunderstorm rains We shall assume a value of + 20 coulombs 
per square kilometre per year It would thus appear probable that the two 
processes considered, transfer a positive charge of the order of 80 coulombs per 
square kilometre per annum to the ground 

The transfer of electricity between the atmosphere and the ground by the 
mechanism of lightning discharges must next be considered It is necessary 
to obtain an estimate of the mean number of lightning dischaiges which 
actually reach the ground within the given area per annum Discharges which 
do not reach the ground may cause a transfer of electricity to the ground, but 
the chief mechanism will be that of the point-discharge currents in the intense 
electric field existing near the ground immediately after the disdiarge The 
electrical charges which reach the ground in this way will be included in the 
estimate of the total discharge current based on the quantities discharged from 
the artificial point and registered by the voltameter The records of the 
changes of electric field accompanying lightning discharges, which have been 
obtained by Wilson and others, make it possible to estimate what fraction of 
the total number of lightning discharges occurring over the area, rea«h the 
ground, and also the relative numbers of these discharges carrying positive 
and negative charges to the ground respectively Wigandf has discussed 
this problem but his method of treatment of the available data is unsatisfactory 
and it seems desirable to discuss the matter in some detad 
In discussing the effect of lightning discharges on the electric field, a sudden 
increase of a positive potential gradient or a decrease or a reversal of a negative 
potential gradient will be described as a positive field-change Wilson (loc 
at) records that at Cambridge for discharges within 5 km of the observing 
station, the numbers of positive and negative field-changes were m the ratio 
4 6 1 On the other hand, Appleton, Watson-Watt, and Herd (foe at) 
observed at Cambridge for discharges at a considerable distance, a ratio of the 
numbers of positive and negative field changes of 1 1 5 S Let us suppose 
that out of every 100 hghtmng discharges oocumng at Cambridge, N x bnng a 
negative charge to the ground, N, a positive charge to the ground, the 

* ‘ Abh K PreuM Met lastNo 263 (1013) 

t ‘Phys Z,' vol 28, p 2(1927) 
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discharges will cause positive field-changes, and the N 3 , negative field-changes, 
at all distances It is probable that the only other common type of discharge 
is a flash which does not reach the ground but which effectively lowers the 
height of a positive charge m the atmosphere The effect of such a discharge 
on the field reverses beyond a certain distance Let N s be the number of 
discharges which cause a pe^itive field change when near the observing Btation, 
a negative held change when distant 

If we neglect other types of discharge we have at once 

N x + N 2 + N 3 -= 100 
N 2 + N„ = 4 6 N t 
N 2 + N a = 1 5 N„ 

whence N x = 40 per cent, N 2 = 18 per tent, N 3 — 42 per cent 

If we suppose there are also N 4 discharges causing negative field changes 
among the near discharges, but positive changes among the distant ones, 
then — 

N, + N 2 + N s + N 4 = 100 
Nj + N a = 4 6 (N 2 + N 4 ) 

N 2 + N 3 = l 5 (N x + N 4 ) 

We deduce at once 


and again 


N a + N 4 — 18 per cent, N 2 4- N 4 — 40 per oent, 
Nj — N 2 = 22 per cent 


It remains to consider the possibility that a lightning discharge may completely 
discharge a cloud to the earth, the effect being recorded as a single net held 
change If the two charges in the cloud were very uuequal, the effect would 
be the same as if a single charge, of the sign of the greater charge in the cloud, 
had been transferred to the earth, and discharges of this category will have 
been automatically included m the correct class, N x or N 2 according to the 
sign of the predominating charge If, however, the two charges in the cloud 
are not very different in magnitude a discharge of this type will produce an 
effect on the field, which reverses beyond a certain distance, and it becomes 
possible that some of the N s (or N 4 ) discharges were of this type, and therefore 
transferred a charge to the ground The data do not suffice to determine the 
proportion of discharges of thus type Multiple changes of field are, however, 
observed so frequently m the records that one may expect that a discharge of 
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this type would be usually separated into different steps, each stage being assigned 
to its correct category Moreover, the effect of the discharge is to transfer 
to the ground a charge equal to the difference between the magnitudes of the 
two charges in the cloud This difference may be small and of either sign 
The effect of such discharge will therefore be neglected, and it will be assumed 
that, approximately, the total net effect of the lightning flashes is that one- 
fifth of the total number bring down a negative charge to the ground The 
mam source of uncertainty in the estimate is probably that the number of 
close discharges which have been recorded, is rather small for it to be regarded 
as a reliable sample of the average thunderstorm The electric charge carried 
by an average lightning flash is known quite reliably to be of the order of 20 
coulombs The average number of days on which plunder is reported at 
Cambridge per annum is 12 Brooks* has estimated roughly that thunder is 
audible from all storms in an area of 200 square miles and that an average storm 
lasts 1 hour and produces 200 flashes If the same estimate be adopted here, 
the average annual number of lightning flashes over 1 square kilometre would 
appear to be about five Thus the annual effect of lightning discharges on the 
square kdometre under consideration is to transfer to it a negative charge of 
the order of 20 coulombs 

It remains to consider the effect of the c urrents caused by point disc haiges 
from trees and vegetation m general The smgle artificial point, from which 
the current has been studied, discharges in the course of a year about 0 13 
coulomb of positive charge from the earth to the atmosphere Data as to the 
comparative efficiency of the aitificial point and natural dischargers, such as 
the various types of trees, arc lacking It has been found, however, that when 
placed in an intense artificial electric field between two plates, a metal point 
Bimilar to the point on the pole gives currents of the same order of magnitude 
as those discharged from various types of twigs and leaves at about the same 
height One is perhaps justified in saying that the artificial pole might be 
expected to give a current of the same order of magnitude as that from a tree 
of the same height In order, therefore, to obtain a rough estimate of the 
total magnitude of the effect of the point-discharge currents over a given area, 
the trees surrounding the pole have been counted It is probable that the 
magnitude of the current from a smgle source of discharge depends on the 
number of other discharges in the immediate neighbourhood, the field near the 
ground automatically reaching such a value that the vertical current per umt area 
is equal approximately to the charge per umt area generated per second by the 
* * Geophygioal Memoir*,’ No 24 (vol 3, No 4), 1925. 
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cloud above It was decided, arbitrarily, to count the trees in a circular area 
of 0 25 sq km surrounding the pole, omitting all trees whose height did not 
exceed that of the artificial discharging point It was found that there were 
m this area, rather more than 200 fairly well-exposed trees all exceeding 
appreciably the height of the artificial point Some of these were much larger 
than the pole This number neglects entirely the large number of smaller 
trees and other types of vegetation which must presumably carry some current 
when the exposure to the electric held is good It also omits entirely two small 
plantations containing several hundred closely placed trees, many of them taller 
than the artificial pole It seemed, however, quite impossible, at present, to 
make any estimate of the contribution of these, to the total cunent It does 
not seem unreasonable therefore to estimate roughlv that this area of 0 25 
sq km provides 200 dischargers equivalent to the artificial orn which has been 
studied The area would then gam m one year about 2b coulombs of negative 
charge, or 104 coulombs per square kilometre The estimate of the annual 
(harge per square kilometre brought to the ground by the four processes con¬ 
sidered is thus as follows - 

Fine weather current + 60 coulombs 

Precipitation +20 ,, 

Lightning discharges 20 ,, 

Currents carried by point discharges -100 ,, 

Tht estimates aie admittedly very rough ones , it would appear, however, to 
be quite possible that the four processes balam c one another approximately, 
or even that in this locality the earth on the whole gams a negative charge 
It appears very probable that the current earned by lightning and the point 
discharges together exceeds considerably the current earned down by rain, 
which is in the opposite direction, and therefore that there is effectively a 
vertical upward current through a cumulo-nimbus cloud from the earth to the 
upper atmosphere This conclusion is m accoid with previous results based 
on evidence of a different type that shower clouds were predominantly of 
positive polarity Schonland* m South Afnca has reached a similar conclusion 
with regard to the total cui rent through a cumulo nimbus cloud The results 
of all the observations which have been discussed are thus m entire agreement 
with \Vllson’s theory that the hne-weather current into the ground over the 
whole earth is balanced by the currents maintain! d between the earth and the 
upper atmosphere by shower-clouds 

* ‘ Roy Soo Proo ,’ A, voL 118, p 252 (1928) 
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for his continued interest and advice during the course of these observations 
My thanks are also due to Prof H F Newall, lately Director of the Solar 
Physics Observatory, for his interest m the work Further, I wish to thank 
Messrs L J Stanley and W H Manning of the Observatory for their assistance 
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The Spread of Yorticity in the Wake behind a Cylinder 
L Rosenhead, Ph D , St John’s College, Cambridge 

(Communicated by II Jeffreys F R S —Received February 3, 1930—Revised 
April 7, 1930) 

1 Introduction 

This paper is an attempt to investigate the effect on the configuration of 
vortices m the wake behind a cylinder of an allowance for the thickness of the 
vortices The vortices themselves are assumed to be initially rectilinear and 
of equal circular section, and we assume also that they arrange themselves in 
an “ unsymmetncal double row ” We therefore find a relationship between 
the “ stability ratio ” of the double row—that is, the ratio of the distance 
between the rows to the distance between consecutive vortices on the same 
row, in the stable configuration- and the diameters of the vortices The 
problem in its initial stages can no longer be treated as one in two dimensions, 
for the ‘ self induction ” of a vortex only enters when we deal with a three- 
dimensional disturbance, and it is the self-induction that produces the differ¬ 
ence between this and the original treatment of the subject By the “ self- 
induction ” of a vortex we mean the effect of the vortex on itself The isolated 
rectilinear vortex is treated separately and the results obtained from it are 
extended to meet the case of the double row of rectilinear vortices The three- 
dimensional stability of the B6nard-Karman street has already been discussed,* 
but the present treatment introduces various simplifications which, while 
not altering the general nature of the problem, make the expressions more 
amenable to treatment and yield results that appear to have been masked by 
the complexities of the algebra m the previous investigation 
* Karl Schlayer, ‘ Z Angew Math ,’ voL 8, p 352 (1928) 
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I would like to express my thanks to Dr H Jeffreys for many helpful 
criticisms which have had the effect of altering entirely certain sections of this 
paper 

2 Summary 

The stability of a rectilinear vortex of i lrcular section for three dimensional 
disturbances is discussed and the vortex is found to be stable for a most general 
displacement This verifies a result obtained in another fashion by Levy and 
Forsdyke The work is extended to meet the case of the double row of vortices 
set up m the wake behind a cylinder moving in an infinite sea of hquid 

In a two dimensional disturbance the Bonard-Karman street is stable for 
the stability ratio 0 281 for all values of the thickness of the vortices In a 
three-dimensional disturbance, if the wave length of the disturbance along 
the axis of the street is large, then the system is stable for all values of the 
thickness of the vortices In a general disturbance however, in which there 
occur components whose wave-lengths are small, these compomnts give 
instability, and they tend to break up the configuration The vortices will 
become increasingly distorted and the distant between the rows will either 
decrease or increase In the first of these cases the system will always be 
unstable and the double row will disappear In the second case a position of 
transitional stabihty will ultimately be reached and the distance between the 
rows will no longer tend to increase nor will the vortices become more distorted 
The increase in the thickness of the vortices will now become the dominating 
factor, and with the spread of vorticity the system, though always stable, 
wiU tend to close up its ranks and to disappear In a general three dimensional 
disturbance, therefore, the pattern is always completely destroyed and it is 
only a matter of time before this occurs 

Hence in the trail behind a cyhnder we should expect that the first few 
vortices m the steady part of the wake are given by a stability ratio of about 
0 281 and that the ones further away become increasingly distorted and either 
come together and lose their identity, or at first show a tendency to increase 
the distance between the rows and then ultimately to come together as the 
vorticity diffuses 

3 The Isolated Rectilinear Yortea 

In a recent paper by Prof H Levy and A G Forsdyke,* the stability of a 
rectilinear vortex of circular section was discussed as a particular case of a 
more general problem, the straight vortex being taken as the limiting form of 

* ‘ Roy Soo Proo ,’ A, vol 120, p 670 (1028) 
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a helical vortex when the pitch tends to infinity The investigations showed 
that the vortex was stable to a wave like disturbance along its length, but the 
equations from which stability was inferred involved complicated i nfini te 
integrals the convergence of which was not examined Stability can be 
inferred, however, by direct reference to some remarks made by Lord Kelvin 
in his discussion on the vibrations of a columnar vortex * 

In Lord Kelvin’s work the vortex was considered to consist of a core of 
radius s in which, in the undisturbed state, the liquid was rotating with an 
angular velocity co Outside the core the motion was in circles round the 
vortex with velocity tae 2 /r, r being the distance from the axis of the vortex 
The most general disturbance was then discussed and the components of 
velocity were found to be — 

When r < e, 

r— p cos Iz sm (W — n0), 
rO = tor t cos Iz cos (W — «0), 
z — <f> sin Iz sin (W — n0), 

whore 

p = (X — nto) j(X — n<o) ^ j jl [4 to 2 — (X — nee)] 2 , 

t = (X — nee) ^2te ^ jl [4to 2 - (X - nee) 2 ], 

and where <f> satisfies the equation 



v being given by the equation 

v s = Z a [4ee s — (X — nto) 2 ]/(X — nee)* 


<f> was taken to be CJ„ (vr), where C is some constant 
When r> e, r, r0 and z are given by expressions similar to those above, 
but in the expression for r0 we have <nc 2 /r instead of ter This makes 


P — 


1 

T dr ’ 


n<f> 


Thomson, ‘ Phil Mag ,’ vol 10, p 156 (1880), Kelvin, “ Collected Papers," vol 4, 
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and iff satisfies the equation 



<f> was taken to be DK^ (Ir), where D is some constant 

The condition of no slip at the boundary of the vortex becomes 

, JL = ~ K, nfo) 

J„ (q) r q*X h K„ (fc) ’ 

where 

(? = IW (l - X s )/X*, 

and 

X = (nit) — X)/2co 

Lord Kelvin remarked that if this equation is treated as a transcendental 
equation in X, then this equation has an infinite number of roots between — 1 
and 0, and a similar number between 0 and +1 Further it was remarked 
that this equation has no roots other than those between —1 and +1 Hence 
X, and therefore X, must always be leal This is just the condition that the 
system is stable, for if X were complex, the disturbances would involve ex¬ 
ponentials that would increase with the tune Hence the rectilinear vortex 
of circular section is stable for the most general disturbance 
Let us now discuss the various modes of vibration The case n = 0 is 
just a swelling or contraction of the filament without displacing the centre, 
for we see that r at the surface of the vortex is independent of 0 The amount 
of swelling or contraction varies, of course, with z The case n = 1 represents 
a displacement of the centre of the vortex foi it is easily seen that if we compare 
the radial velocities at the points 0 and 0 -f iz we get (r )« — — (r )»+, Kelvin 
showed that, m the case n = 1, the wave of deformation on the surface 
of the vortex rotates with angular velocity X where* 

X — — log (l/U) = - ~ i* log (1 Ik) 

The equations of motion of the centre of the vortex would then be 
^ * = P log (l/U) >J, j 

^ y — — f* log (1/&) t 
Lord Kelvin also showed that for n > 1, the motion was also a rotation, but 
* Kelvin, loc oil, equation (81) 

2 Q 2 
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in this case the angular velocity was (» — 1) w = ^-5 (n—1) The equations 

of motion would now be 

4tc — 2(n — 1) 

— *= ——y 

= C » ~ ( 7 ) ' 7——iTt W 1 ' 1 COB lz sm (» —!) [«< —6] 

.A) (»-1) L (2) 

iZE y= M n -' ) X 

= ~ c -*(T 91 . 

The centre of the vortex therefore is at rest The cases n > 1 represent 
wave motions over the surface of the vortex without displacing the centre of 
the vortex 

The equations obtained above are so simple that it was thought interesting 
to obtain a verification from another point of view The case n — 1 was 
taken as one that would show least i omplication, but in spite of tins, the 
discussion involves quite a deal of algebra but finally reduces to the form 
obtained from Lord Kelvin’s elegant treatment 

Briefly our method is as follows We assume that in the undisturbed 
state the vortex is parallel to the axis of z The vortex is now disturbed and 
assumes a wave-hke form The three components of velocity at a point on 
the surface of the vortex are obtained by integration and the equations of 
motion are thus determined These give the normal modes of vibration for 
that particular form of disturbance Tt will be seen that the equation in X 
derived from the r and y components of velocity will not involve z, for the factor 
e' u will cancel throughout, and the equation m X derived from the z component 
of velocity will only introduce the value X = 0 (Bee equation 3 9) wlucli can be 
neglected 

We may notice here that the small disturbances in velocity are not of the 
same order of magnitude The alteration m r and r0 is of the order e* -1 , 
where that in z is of the order t" Hence a good approximation will be obtained 
if we neglect entirely the z component of velocity This will be verified 
incidentally m the case of n — 1, but it is equally true in any other case If 
we adopt this simphfication the general displacement can be treated m the 
same way as we treat the two-dimensional problem, the only difference being 
that we must introduce the x and y components of velocity due to the vortex 
tself These are the self-induction effects 
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We must now investigate the wave-hke form assumed by the centre-line of 
the vortex corresponding to n = 1 By letting r -> 0 in the expressions for the 
velocities in the core of the vortex we get 

(r )o = — p cos Iz sin (M — 6), (r0) o = p cos Iz cos (Xt — 0), 

where 

p = Cv(X — (o)/2f (X + to) 

This means 

(x) 0 ~—p cos Iz sin X/, (y) 0 — p cos Iz cos Xf 

Hence the general displacements of the centre-line must be of the form 
a e yt+ ' u , where a and fi are constants and where X is not the same as 

that in the expressions for (j;) 0 and (y) 0 
If k be the strength of a vortex, supposed uniform along its length, then the 
component velocities u, v, w at a point (r, y, z) are given by the line integrals 

= j {(z-z')dy’ - ( y-y')dz')IR 3 

^ v — | {(•£ — r') dz' -(z- z') rfx'}/R 3 ► (3) 

^w = j{(y - y') dx' - (x - x') rfy'}/R 3 
where (x\ y', z') are the current co-ordinates, and 

R 2 = (/-x') 2 + (y-y') a + (2-2') s 

If we have a single line vortex at (x v y x ) parallel to the axis of z, we get the 
usual results that the vortex itself is at rest and that the velocity at points off 
the axis is 

- * (y ~ Vi)!*™*, *{*- c i)/2w a , 0, 

where 

r 2 = (x- x t )* + (y- y x ? 

If now the axis is slightly displaced owing to a disturbance along its length 
of wave-length 2tz/1, the position of an element originally at (x t , y v z x ) is now 
at (x\ y', z') where 

x' = x x + xe M+,h ‘, y' — y x -f- $e* t+lUl , z' — z x + 

where a, p and y are some constants and X is to be determined For stabihty 
the real part of X must be either negative or zero 
In the above hne integrals we now put 

dx’ ~ via e A,+,< *’ dz', dy' = Up e w+lh ' dz', 
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'3 87 ] 


(4) 


dy, 


and for points at an appreciable distance off the axis we put 

1/R* = [l + 3 K + 3 Sy,y R 0 8 , 

where 

R„ a = (x- f (y - y t )* + (z - *,)*, Sx t = oce^, $y t = (Se^ 
We get 

7 °=- <»- *>Lf +i, ^L eU 1 

*=• -«*-•j n.£ - 

= if {a (y — yi) - 0 (r - a)} e Kt J e!*^ 

These integrals spht up into several integrals of the form j ^ a ^, +t 

which are, of course, only special cases of Bessel functions of imaginary argument, 
and in Watson’s* notation we have 

f —221*2 —fa = ti) v —Eiii_ k„ (s) 

Jo(i+^r 5 ’ Va' r( P 4 

This gives 

— - £l &P l +s w,h *l> 8 * w 

v = -£-l‘S‘+' u \*K,{lr) 

Itct Ztc L 

,{fe^jg« + k ^^-h) p } K . w ] > 

« = HE{(SLzJJi) * - <£Z*h p j Kl (lr) 


y (6) 


When s is large the following asymptotic expansion is permissible 

I COS ST) , 

J o (i+vr* 75 

8 p+i e~‘ 


= 2V2rr 


so that as s 


1 3 5 (2p+l) 


. y-r) 

+ (2s) + (2s)* 


K, (s) -*• 0 

* “ Bessel Functions ” (1022), p 186 
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This indicates that the disturbance becomes zero at large distances from the 
axis We cannot use the expressions for («, v, to) to give the values of the 
velocity components on the vortex itself even if we mseit thost expansions 
for | -- C° 8 ^j p+i which are valid for small r This is so because the expres¬ 
sions for (w, v, w) were obtained on the assumption that (Si l /R 0 ) i and (8i/i/R 0 ) a 
were negligibly small for all values of x and y This is no longer true if (x, y) 
lies on the vortex itself Further, if we consider the veloutv at a point on 
the axis of the vortex the integrals involved in have an infinity at R = 0 
and are divergent, thus making («, v, w) indeterminate The fact is that the 
expressions (m, v, w) are not true for points on the axis Singularities of a 
similar kind occur in the theories of attractions * This difficulty is avoided 
if wo discuss the motion of a point on the surface of the vortex Let s be the 
radial distance of this point (/, y, z) from the point (/, y', z'), (x', y') being, of 
course, the point in which the axis of the vortex cuts the z plane Let v 
be the angle made by this radius vector and the axis of x Then 

x = x t + xd‘ t+lL ' + e cos v, y — + (3e** +lb + e sm v, 

x' = Xj -j- ae*‘ +,b , f — th + |3« A<+ ‘ , ‘ 

We now have 

R 2 = (z — O 2 + fa, 

where fa is of the second order in a and [3, and we see that 

fa = e 2 + 2e e» [a cos v + (3 sin v] [<?“ - e J ‘ ] + [a 2 + fa] - e u f (6) 

If the system is in absolute equilibrium, that is, if the real part of X is negative, 
then fa approaches e 2 as t increases If the system is in neutral equilibrium, 
that is, if the re*l part of X is zero, then 

z*<\fa\<(z + 2Va 2 ~+>) 2 

This fixes limits fa — z and <f> 3 = e -f + fa, and gives an indication of 
the accuracy of the approximation Further, if e is large compared with the 
displacement of the centre line, and if the section of the vortex is circular, we 
may put <j> — z The substitution of e for <f> in R 3 over the whole range of 


Cf Leathern, “ Cambridge Tracts,’’ No 1 
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integration will be immaterial If the system is unstable, the above approxi¬ 
mation will lead to an inconsistency We now get 


—u - n a&s t+ ‘ u a* 

« [(z-zr+^r 

~^ +u id-zy + Jr (h ' ~ [(* -z7+ s’r d 

=- f dae^' 


-f- aP W + ,, 


[(z - z’f + 

(1 — «■'<—»>) 


dz‘ -+• 


[( 2 - z'f + a*]’* T [(2 - z’f + e’]** 


*m dz ’’ 


~ w — order (a*) = 0 
The integrals 


f e sin v j_, , f e cos v 

J 1(2 - 2')* + e*j s/2 J 1(2 - Z'f + e 2 ] vz * 


which are equal to ^ S1 * 1 V and * C ° j| S v are the components of \elocity in the 

undisturbed state of a point on the surface of the vortex, and therefore cancel 
with corresponding terms in the values of w anil v Hence 


^ X« = (J [- J + 2i%> (k) +1 K, (/«)} 

- P {“ p ■+ 2? log (l/k) + |[ i - £ log (1/le)]} 

= (j{i«log(l/fe)} (8) 

Similarly 

— xp = — a {1* log (l//e)}, 1 

“ r (9) 

4 f^o J 

Hence 

(t£)*X* = - [l 2 log (1/le)*]*, or X = 0, (10) 


and the system is in neutral stability X = 0 is just a general displacement of 
the vortex These equations are true for any point on the surface of the 
vortex and as the diameter of the vortex remains constant the equations are 
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also true for the centre of the vortex This verifies the results that were 
obtained before, for the equations of motion are seen to be 

— x = l 2 log (1 jh) y, — y — — / 2 log (l//e) a-, —2 = 0 (11) 

The above approximations were made on the understanding that (h) is 
small This makes the expression f 2 log(l//e) positive We now define the 
symbol yj = 2b 2 P log (l//e) where 6 is a constant at piesent undefined r t is a 
measure of the self-induction of a vortex, for we see that if u and v are the 
components of velocity of a point on the surface of the \ ortex, then we see 
at once that the thinner the vortex the more stable it is Also, if e is 
fixed, and l becomes very small, yj -*■ 0 This means that as the wave¬ 
length of the disturbance becomes infinite, the effect of self-induction becomes 
zero This is true for all e For pure translation of rectilinear vortices 
yj — 0 for all c, and the investigations of the stability of a double row of vortices, 
each of radius e, reduce to the investigations of von Karman Hence the 
Karman street in which the stability ratio is 0 281 is stable for a disturbance 
of purely translatory type, and for a disturbance of large wave-length, for all 
values of the thickness of the vortex This was noted by Schlayer (loc cit) 

4 The Double Rou of Vortices 

In actual experiment the vortices are not of infinite length, but we imagine 
the vortices to be continued indefinitely on both sides of a surface of dis¬ 
continuity, such as the bounding wall of the vessel, or the free surface (which is 
considered as a slightly deformable boundary), so as to satisfy the condition 
that there shall be no flow through the bounding surface 

In the undisturbed position the Karman street of vortices in an infinite 
sea of liquid consists of cylindrical vortices of radius e whose axes are at right 
angles to the z plane and cut it as follows - 

Vortices of strength 4- k at the points (2 mb, a). 

Vortices of strength — k at the points ((2n + 1) 6, — a), 

where m and n assume all integral values from — oo to + oo We intend to 
discuss the vortex m = 0 We now assume that all the vortices are slightly 
displaced and that a representative vortex on the upper row takes the shape 
%’ = 2mb -j- «»*+*+■*•* y' = - a + pe w+,I * + ‘ Sm +, (1) 

and that a representative vortex on the lower row takes the shape 

x' = (2m 4- 1) 6 4- «V w + J,+ ‘< 2 * +1 >+, = _a+ p'^*i‘ ( wi)*, ( 2 ) 
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where x, (3, a', [3' are constants and <f> is a constant such that n <f> 0 

The factor & u introduces a periodicity into the disturbance along the axes 
of the individual vortices and the term e‘~ m * introduces a periodicity along 
the axis of the wake Wo investigate the x and y velocities of the points of 
section of the axes of the vortices with an arbitrary z plane In this plane 



The factor exp (dz) can very well be absorbed into the constants a, [3, a', 3' 
m this plane For stability we must have that the real part of X is either z( ro 
or negative In the two-dimensional treatment of this problem the equations 
of motion are 

pr 0 = — A 3 — Ba' — C'3', 

py„ = — Aoc — (V + B3', 

pV-= — Ba + C3 +A3' 

py 0 ' = Cot + B3 + A*', 

where 

p — 8i zb 2 /k, k,— a/b, (5) 

and where 

a = - ? +{£+% +? m <« - *). 

B _ £ (2 n + 1) ke'^ n+l) * _ f 2 ?t^smh k(n — 2 <f>) , 7 1 2 sinh 2 k<j> \ 

* {(«+ £)* -\- fc*} 2 l cosh kn cosh 8 hz J 

q _ £ {(» + l) 2 } 6 _ re 2 cosh 2k<f> _ 2n<f> cosh k (tc — 2 <f>) 

* {(» + $)*}* cosh* It: , cosh bz 

These equations of motion are the same as those given by Lamb"' but a few 
alterations in notation have been made If now we take account of the altera¬ 
tion in velocities due to the distortion of the individual vortices we get that 
the equations of motion are 

px 0 = (tj — A) 3 — Ba' — C3', 

py 0 = — fa + A) x — GV + B3', 

? x o — — Ba + C3 — (<3 — A)3', 

pyo' == G!« + B 3 +( 7 ) +A) a' 





“ Hydrodynamics,” p 211 (1924) 
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If now we put oc 0 — Xa, y 0 — Xf3, x Q ' — Xa', y 0 — X(3', we can get the quartic 
for X in the usual way, but the displacement resolves itself into two types 
In the first type we have a — a', (3 — — (3', giving equations 

P*o = - B* + fo - A t- 0) (3, 

P2/0 = -(*) +A+ C)« ~B(3 

This gives rise to exponentials c A ‘ where 

pX — B ± \/A 2 — ((' \ 

In the second typi \\t have a — — a', (3 = [3', giving 

pj„ -- Ba -f- (rj - A — V) [3, -) 

PVo — -(r) + A —C)ot + B3 J 

The solution of these equations involves exponentials e** where 
P X = B ± VA 2 - (<’ - i)) 2 

For stabihty we must have that A 2 < (C -f /))■* anti A 2 < (0 — rf for all 
values of <f> We see at once that if the vortex is sufficiently thm for fixed 
values of k and I, that is, if /) is large enough to swamp the values of A and C, 
then the sjstem will be stable for all values of a/6 We have 

A — 2<f> (n ~ <f>) — n 2 sech 2 kn, 

C — n 2 sech 2 kn cosh 2 k<j> — 2n<f> sech kn cosh k (n — 2 <f>), 

where 0 <f> n Let us now put kn—\i,2k (<f>—\n) — 0 From this point, 

the symbol 0 will be used consistently with this interpretation, and it should 
not be confused with the polar co-ordinate 0 used previously We get 

k 2 A = Jp 2 (1-2 sech 2 p) - JO 2 , 
k?C — (x sech p [p tanh p sinh 0—0 cosh 0], 
where — p 0 •< p The stabihty conditions now become 

(A + C — /;) (A — C + yj) <0 for all 0 m the range — p < 0 < p, 

(A 4- C + Tj) (A — C — 7]) <0 for all 0 in the range — p < 0 < p 

If m the first of these conditions we put 0 X = — 0, A remains unaltered but C 
changes sign, and the first condition is transformed into the second The 
two stabihty conditions are therefore identical We will deal with the first 
of them 


} ( 8 ) 
(9) 

( 10 ) 

( 11 ) 
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On account of the symmetry of the expressions we will first discuss the forms 
of the curves (A + C) and (A — C) Even this is not necessary, for if we 
plot the curve (A + C) with abscissa 0 and ordinate y, then the curve (A — C) 
is the image of (A -f C) with respect to the y axis Hence we need only discuss 
the shape of (A + (J) For this purpose the following table is useful 


Table I 


e 

- M 

° 

- 

**( A+C) 

0 

lft*(l - 2 *eeh* ft) 

— 2 ft* sooh* ft 

*’i< A + C > 

«> 

ft sech /t (ft tanh ft —1) 

-2,t 


(ft* 80ch* ft+2ft tanh /x — 1) 

-1 

—(ft*sech* /t- L 2ft tanh ft+-l) 


We note that 

^ (A C) — — 0 -f- (x sech p l(p tanh jx — 1) cosh 0—0 smh 0] 




P jH5 (A + C) = — 1 -f (i sech p [(p tanh p — 2) sinh 0 — 0 cosh 0] 


The above details and the following considerations enable us to draw the 
curves P (A -f C) 

A knowledge of the positions of the maxima and minima (if any) of P (A + C) 
is of great help and these will now be investigated The solutions of 

P^( A + C) = 0 
are obtained from the equation 

P ~ (A + C) = — 0 + p sech p [(p tanh p — 1) cosh 0 — 0 smh 0] = 0 
This can bo put into the form 

(smh 0 + cosh p/p) { P - - 0} = 0 

l smh 0 + cosh p/p J 
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The factor (smh 0 + cosh p/p) has at most one zero in the range — p 0 p, 
and at this zero we have 


which does not vanish unless p tanh p — 1=0 But if p tanh |x — 1=0 
then the zero of (smh 0 -J- cosh p/ (x) occurs at the point 0 == — jx But there 
is a zero at 0 = — p. for all values of p Hence the factor (smh 0 + cosh jx/(x) 
contributes nothing to the zeros of IM (A + C)/d0, and we need only discuss 
the curve 

c __ a ( Q _0 

smh 0 + 6 


where a = (p tanh jx — 1) and 6 = cosh p/p The zeros of E and 
Pd (A +C)/i0 are identical We have 

d£ a (6 smh 0 — 1) , smh 2 0 — 6 (a — 2) smh 0 + a + 6 s 

d0 ~ (smh 0 4 bf ~ ~ (smh 0 + 6)* 


d0 2 


a cosh 0 
(smh 0 + 6) 3 


[(2 6*) — 6 smh 0J 


When a is negative then the minimum value of (smh 0 J - 6) in — p 0 <! p 
is 

— smh p + 6 = < osh pt (1 — jx tanh |x)/p = — ab = positive 
Hence (smh 0 + 6) is always positive m the range — (x < 0 <1 jx Hence \ 
can have no zero for a positive 0 Also <Z 2 <;/d0 a is always negative for negative 
0 and hence a straight line can cut £ m at most two points m the negative range 
Hence the curve £ = 0 has at most two zeros m the negative range, and one 
of these is always 0 = — p We see at once that E has no zeros other than that 

at 0 = — p if (dZ,/dQ)» _ _ is negative, that is if 

smh 2 p + 6 (o — 2) smh p + a + 6 2 0, 


which reduces to the condition 

(2p — 1) < e - ** or p<0 639 

Hence when p < 0 G39 the curve P (A + C) is of the form (1) m fig 2 When 
a = 0, p = 1 200 and so in the range 0 039 < p < 1 200, d£/d0 is positive 
at 0 = — p But (£)»=-* — 0 and (E)>^o = a/6 = negative, and so there 
is one zero for E, in the range — p < 0 ^ 0 when a is negative This zero and 
the one at 0 = — p are the only ones that E possesses When a — 0 

/fc t ^ (A + C) --e ( l + pse ch psmh 0) = — +“j“) 
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and the only zeros for 5 are those at 0 = 0 and 0 = — pi Hence when a is 
negative typical members of k* (A + C) are given by the curves (1), (2), (3), 

(4) , (5) of fig 2 Curve (3) corresponds to the case cosh* [1 = 2 and cuts the 
abscissa at the origin This curve will be referred to later The curve (5) 
corresponds to a — 0 and has its maximum on the ordinate axis We have 
now to investigate the state of affairs when a is positive 

We see at once that (smh 0 + 6 ) will be zero for Borne negative value of 0 
This will correspond to an asymptote to the curve i; parallel to the ordinate 
axis Let 0 X be that value of 0 that makes (sinh 0 + 6 ) = 0 Then in the 
range — p < 0 < Oj, d 2 ^/d0 2 is negative and £ has no zero In the range 
0 j < 0 <O, d^jd 0 is always negative and ($)*„« is a /6 which is positive 
Hence 5 has no zero in the range — p < 0 0 When a is positive the only 

possible zeros for 5 occur in the positive range of 0 ( 5 )«=o >8 positive and 

(5) «=m = — 2p/(l + p tanh p) = negative Hence there are an odd number 

of roots between 0=0 and 0 = p Also d^jdQ is zero for two values of 0, 
and henoe 5 has one or three roots m the range 0 < 0 < p dc,ld% is zero 
when _ 

2 sinh 0 = 6 (a — 2) ± V 6 * (a - 2)* - 4 ( 6 * + a) 

The expression within the square root sign can be put into the form 

4) 

and we see that this is negative when a < 4 If a > 4 the critical case is 
given by the solution of the equation 6 * = 4/(a — 4) which is p = 5 018 
Hence when 1 200 < p < 5 018, d^/dd has no zero and the equation 5 = 0 
has only one solution m the range 0 < 0 < p When p = 5 018, d^/dQ is 
zero for 0 = 3 415, and, as might be expected, <f 8 5/<Z0 a is zero here since 
6 * = 4/(a — 4) When 0 = 3 415, 5 = — 1 394 Hence 5 only has one 
zero and that occurs at a value of 0 less than 3 415 It occurs m fact somewhere 
near 0 27 

When p > 5 018, d^/dti has two real zeros The values of 0 for which this 
occurs he within the range 0 < 0 < p That this is so can be shown as 
follows Let 0' be the larger of the two values of 0 corresponding to 
the roots of d5/c?0 = 0 If this lies outside the range 0 0 < p then 

sinh 0 ' > smh p, that is 

2 smh p < [6 (a - 2) + V& (a - 2) a - 4 ( 6 * + a) 
or 

2smhp <smhp-l£25kj±-f \/(smh p - _ 4 (6*-H+ 

p \ p / 
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which beoomes 

12 smh (i cosh p/p < — 4 (6* + a), 

which is obviously impossible Hence the larger value of 0, and the smaller 
one, lie within the required range The smaller value of 0 will correspond to 
a minimum of i; and the larger one will correspond to a maximum of \ If we 
can prove that the value of \ at this maximum is negative, then it is obvious 
that {; has only one zero within the range This is the case and the following 
investigation proves it When p is large, greater than 5, say, we pay put 
tanh [i=l with an accuracy of 1 in 10 4 , and the equation giving the roots of 
di/dQ = 0 is 

smh 0 =. \ [6 (a — 2) ± Vb* {a - 2) 2 - 4 (6* | a)] 

= i [cosh p (l - jj) ± \/ ^ (cosh 2 p - 

For large values of p, 4p*/(p — 5) can be neglected in comparison with cosh* p, 
eg , when p is 6, 4p*/(p — 5) = 144 and cosh 2 p = 40,689 181,1 The ratio 
of disparity increases with p Hence we hav< 

sinh 0 = £ cosh p [l — - ± [l — - + J 

neglecting terms of smaller order than 1 /p* Hence the smaller value of 0 
is given by 

smh 0 = cosh p/p 2 

and the larger value by 

sinh 0 = cosh p f 1---^-1 

L p p*J 

We see that 0 m both cases becomes large with p, and putting sinh 0 = J e* 
we get that 



The value of i; for this value of 0 is easily found to bo 


correct to (1/p*) and we can see that this is negative even for moderately large 
values of (x Hence \ has at most one zero in the range We note also that 
(5)*-o = ajb — p (p tanh p — l)/cosh p This tends to zero as p increases 
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and hence the zero of £ tends towards 0 = 0 as p becomes large Hence the 
curve (a) of fig 1 represents a typical i; curve m the range 1 200 < p <5 018, 
and the curve ((i) represents a typical curve when p > 5 018 



Fig 1 —The ordinate m this figure is 5 = — 9 whore a = p tanh p — 1 and 

sinh O + o 

b — cosh p/p 0 vanes from - p to p, and so 5 has been plotted against the abscissa 
0/p Curve a represents a typioal I; curve in the range 1 200 < p < 5 018, and the 
curve (3 represents a typioal curve in the range p > 5 018 

The corresponding changes in the form of the curve k 2 (A + C) is given by 
the following fig 2 

We are now in a position to determine those values of t] that make 
(A+C+tj) (A — C — > 3 ) < 0 for all 0 m the range — p < 0 < p There 
are three possible ways m which this can occur — 

(1) (A + C + 7 )) always positive, and (A — C — tj) always negative , 

(2) (A + C+ tj) always negative, and (A — C — tj) always positive , 

(3) (A + C + 7 )) and (A — C — tj) being of opposite sign for a particular 

value of 8 , but intersecting on the 0 axis in one or more points 
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Fio 2 —The ordinate in this figure w k” (A + (') and the abac wan 0 The figure shows 
the change in form of L (4 (- C) \nth increasing (i 

The state (2) is impossible, for if it were possible, then 

(A + (’ -f 7j) — (A — C — ■/)) = 2 (/) f C) 

would have to be negative for all 6, and for 0 = 0 in particular, that is r, 
would have to be negative, which is impossible The state (3) is also im¬ 
possible, for suppose it were possible that (A + (' -j- /j) and (A — C — vj) 
should cut the axis of 6 at the same point, then both (A + C + /j) and 
(A — C — vj) must have both positive and negative values m the range 
— (a ^ 0 ^ (x Now the 8tabilitj condition at the point 0 = g. is 
(— 2 (x* sech* (x -f- A*r,) (— A 1 *]) < 0, 

that is, 

A*vj > 2(x® sech* {i 

But if A*>j > 2 fx* sech* p, then from the form of the curve (A + C) we see that 
A* (A -f C -f ■»)) is always positive, for the maximum modulus of the negative 
ordinate is 2 (x* sech* |x Hence state (3) cannot exist There is, however, 
the singular and isolated case in which state (3) can exist This corresponds 
to curve (3) of fig 1 Hence tj = 0 and jx = 0 881 This particular case 
corresponds to the case investigated by von Karman and its relevance will be 
discussed later We must, therefore, return to the first of the three alternatives 
given above 

We have seen already that if (A -f- C + ?]) 18 to be positive always, then 
von. oxxni —a 2 a 
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> 2 (i* sech* jx The sole remaining question is whether this value of t h 
makes A* (A — C — kj) negative for all values of 0 This is obviously so if the 
maximum positive ordmate is less than 2p* sech* fx A consideration of the 
curves shows us therefore that the minimum value of Ptj for stability is the 
greater of 2[x* sech* jx and the maximum positive ordmate of A* (A + C) We 
find that when fx < 1 531, then &* (A -f- C) m »* 2 p* sech* jx Hence when 

[i 1 531, then &*y) = 2jx* sech* |x When |x > 1 531, £*7) = k* (A + C) inaJI 
We note that as jx increases the position of the maximum tends towards 
0 — 0 and that the value of the maximum tends towards Jp,*, as can be seen 
from the formula for A* (A -f (') This and other points can be verified from 
the following table 

Table II 


f* 


**<A 1 C) ln „ 

2 ft* sech* n 

1 200 

0 0000 

0 2809 

0 8781 

1 800 

0 2027 

0 7430 

0 8131 

1 530 

0 2231 

0 7985 

0 8013 

1 031 

0 2237 

0 8009 

0 8009 

1 600 

0 2618 

0 9348 

0 7708 

1 800 

0 3584 

1 3602 

0 0710 

2 000 

0 4360 

1 8295 

0 6662 

2 500 

0 6593 

3 1299 

0 3323 

3 600 

0 6410 

6 2217 

0 0892 

8 000 

0 2746 

12 6323 

0 0091 


We note that == 2 o*l* log (1/Ie), and that if t is some definite quantity, 
as it is m actual experiment, then k\ -* 0 in two ways The first is when 
l -* 0, and the second when a->-0 The limiting processes must therefore be 
applied with some care We may summarise the results of the stabihty con¬ 
siderations as follows As long as the disturbances of the vortices are purely 
translations then the Karman street given by A, — 0 281 is stable no matter 
what the thickness of the vortices But as soon as the wave-length of the dis¬ 
turbance along the vortex becomes sensible there is, from a consideration of fig 2, 
a distinct domain of instability m the neighbourhood of <f> — ^ir This, however, 
is of no importance if <f> for the actual disturbance is small, m which case the 
system is stable If there are any components of the general disturbance in 
the neighbourhood of <f> = \n they will give instability and break up the con¬ 
figuration We must now make an assumption of a physical nature if we are 
to explain the subsequent motion The assumption is that the vortices tend 
to spread as much as possible owing to viscosity Owing to instability the 
individual vortices will twist about and give an irregular three-dimensional 
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motion, and also the distance between the rows will either tend to increase or 
to decrease If the tendency is to decrease the distance between the rows, 
then the system will always be unstable and the double row will close up its 
ranks and will disappear If there is a tendency to increase the distance 
between the rows then, assuming that c does not alter appreciably, a state 
will ultimately be reached where the parameters of the system are Buch that 
they correspond to a point on th< stability curve By “ stability curve ” we 
mean the curve showing the relation between the minimum value of v) that 
will ensure stability for a given value of ajb —as is shown in fag 3 In a position 
of stability there will be no tendency for a to increase, nor for the vortices to 
increase their distortion The change m e is now the dominating factor 
Therefore for a given value of l, increases till it cuts the curve obtained from 
Table II Since there is a tendency for e to increase, the parameters of the 
system will now be given by this curve e increases slowly and yj diminishes 
Hence a now tends towards zero (The small bump in the curve A®7) which 
may give rise to complications, such as a gradual increase m t and then 
a decrease, may be ignored The bump is merely due to the mathematical 
peculiarities of the curves—and since we are only dealing with the problem 
very approximately we cannot pay too much attention to it The general 
tendency is, however, as given ) This is true for all e Generally we may say 
that for disturbances of large wave length along the axes of the street and 
vortices the Karman street is stable whatever the thickness of the vortex 
For smaller wave lengths there is instability and the vortices become increasingly 
contorted The double row may meanwhile tend to close up its ranks and 
disappear, or to increase the distance between the rows In the latter case 
a position of stability is reached - but this is merely transitional, for the 
increase in the diameter of the vortices becomes the dominating factor and 
the vortices twist up till they are no longer recognisable The following fig 3 
demonstrates what happens The broken hne is the curve A 4 /], and the un¬ 
broken lines show the increase m ij for various values of /, resulting from the 
increase of a and c The curve giving the relationship between tj and p is 
therefore as follows — 

Schlayer* eliminated c from the equations in a manner which is open to 
criticism. The work done by the body (put equal to [Karman’s expression 
for the resistance] x [velocity of the body]) per unit tune, was equated to an 
expression involving the energy associated with the vortices. The energy 
associated with the vortices was taken from an expression given by Lamb, 
* Sohlsyer, Ux. at , pp 361-2 


2 r 2 
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namely, E = ipE*^, where the appropriate signs for k are taken, and is the 
value of the stream function at the different vortices It was remarked 



Fid 3 —The ordinate is — 2a J J* log (l/It) and gives a measure of the self induction 
effect of the vortices Systems represented by points on and above the broken line 
are stable for all components of the motion All systems represented by points 
below the line (except the isolated ease corresponding to the two dimensional disturb 
ance of the Karman street) ha\e certain components which are unstable The un 
broken lines represent ohanges in the \ alue of Ich) produced by changes in a (the distanco 
between the rows) and c (the radius of the vortioes), l being kept unchanged along each 
unbroken lino 

correctly that ij; at each vortex was infinite, and therefore the author took a 
small domain of radius c round each vortex, found the energy, and so intro¬ 
duced t into the equations But the expression E = $pE*iJ/, used by the 
author, is only valid if Ek is zero Apart from the difficulties involved m the 
assumption that we may consider the Karman street as a system in which 
E/c is zero, there is also the fact that the energy does not depend on t and can 
easily be evaluated If we consider an individual vortex, say at z — a, we 
have that ^ in the neighbourhood of this vortex is given by 

(J, = log r + regular function, 

where r is the distance from the point a. The infinity at a vortex is due to 
the term log r But if E* is zero, then all these infinities cancel and the total 
energy is JpE*^ where is the value of the stream function at a vortex due 
to all the other vortices, and is no longer infinite The energy can thus be 
evaluated without introducing the thickness of the vortex The relation 
obtained by Schlayer therefore cannot be accepted. 

[Note added March 20, 1930—It has been suggested that some definite 
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numencal case of unstable motion be given—and the following may be regarded 
as a typical example Let us assume that the undisturbed double row is the 
Karman street—that is, a/6 = 0 281 For the remaining figures we shall 
take values derived from certain experimental data which, it is hoped, will be 
published shortly The depth of the water tank used was 13 cm and if we 
assume that the free surface of the wat* r is a slightly deformable bounding 
wall, then the distance between the two boundaries is some integral multiple 
of half the wave length of the disturbance along the axis of a vortex of the 
street, for at the bounding wall the \elocit\ of the fluid must be entirely along 
the wall That is 

13 = «(*/!), (1) 

where n is an integer, and (2 njl) is the wave length along the axis of the vortex 
tube Let us investigate the case » = 10 This makes l — 0 4138 The 
radius of the vortices is approximately 0 16 cm Approximately also 

a = 5* = 0 80 cm These figures make = 0 60 A brief investiga¬ 
tion shows that (A + C + vj) is negative in the range 0 775 < 0 0 881, 

and positive in the range — 0 881 6 <<• 775 (A — C — tq) is found to 

be negative in the whole of the range — 0 881 < 0 0 881 Hence the 

components in the range 0 775 < 0 0 881 are unstable This refers to 

the disturbance which, m the theoretical investigation, was given by (4 9) 
That of (4 11) will be unstable in the range —0 881 <0<U 775 The 
component that w ill increase most rapidly with time is the one that has the 
largest value of VA 2 — (C 4 tj)* In the case we are discussing, this is given 
by 0 = 0 881, which gives 

l = ser* (0 = 

where to is the angular rotation of the \ortcx to itself cannot be measured, 
but it is obviously very large If we giv* it only a moderate value, say co = 10, 
we get that the component of the initial disturbance corresponding to Z = 
0 4138, <f> = 0 (i e, 0 = 0 881) is doubled in 1 7 seconds and trebled in 2 8 
seconds If we adopt different values for n we get correspondingly different 
ranges of instability, and different amounts of instability—but the general 
phenomenon is the same 

Since the communication of this paper the results of an interesting investi¬ 
gation have been published by Levy and Hooker* and the results indicate 
that there is another factor that makes for instability in the Karman street, 
♦‘Phil Mag.’vol 9, p 489(1930) 
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and this is the velocity distribution in the fluid upon which the vortex system 
is superposed The discussion in the present paper deals with three-dimensional 
disturbances of the vortices in an infinite sea of liquid, in which, of course, the 
basic velocity is assumed to be constant The paper of Levy and Hooker 
investigates two-dimensional disturbances of the vortex system in a channel of 
finite breadth, m which the distribution of the basic velocity is such that it 
has a maximum at the centre-line of the channel and decreases smoothly to 
the barriers Any such distribution makes for instability The disturbing 
effect depends upon the rate of change of the velocity between the axis and 
the walls of the channel with respect to the distance from the axis It was 
remarked correctly that, in general, when the channel is wide, the basic velocity 
in the middle of the channel is approximately constant The result of this 
will be to dimmish the disturbing effect if the distance between the rows is 
small compared to the distance between the channel walls There will 
however, be the self-mduction effect of the vortices which will tend to destroy 
the pattern In general we may say then that both factors are operative 
The effect of three-dimensional disturbances is always present and the effect 
of the distribution of the basic velocity is operative with varying degrees of 
importance, thus, if the object is wide compared with the channtl, the dis 
tnbution of velocity is the all-important factor, but if the object is of small 
diameter, the effect is negligible It should be noted, however, that the 
analysis of Levy and Hooker is only valid when the channel is wide m com¬ 
parison with the obstacle ] 
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Photo-conductance Phenomena m the Silver Halides, and the Latent 
Photographic Image —Introduction and Part I 
By F C Toy, D Sc , and G B Harrison, B Sc , British Photographic Research 
Association Laboratories 

(Communicated by T Slater Price, F R 8—Received February 8, 1930—Revised 
March 22, 1930) 

[Platb 18] 

Introduction 

In studying the mechanism of the photographic process the quistion naturally 
arises as to the part played by the silver halides, which form the basis of 
practically all photographic emulsions It becomes important to determine 
whether, or not, the photographic mechanism can be linked up with one or 
more particular characteristics of these silver salts Especially is this so in 
view of the fact that some investigators have developed theories* in which 
the silver halides play no direct part m the photo reaction taking place on 
exposure They have assumed that the absorption of the active light and th e 
resulting process occurs m other bght sensitive substances associated with the 
silver halides m the emulsions, and that the function of the silver halide is 
merely to act as a source from which metallic silver is produced bv the process 
of development Weigert especially supports this idea at the present time 

It seems to us, however, that the evidence which now exists is not only 
strongly against this view, but is in favour of the idea that the primary photo¬ 
graphic process is intimately concerned with the absorption of light by the 
silver halides themselves, and may indeed be identified with certain of their 
characteristic properties 

We may take silver bromide as typical of the silver halides, and as the one 
most commonly UBed in photography There are three well-known effects 
of the action of light upon crystals of this salt — 

(1) The splitting up of the silver bromide by light into free bromine and 
metallic silver, which under ordinary conditions can be observed by 
the detection of free bromine in the medium surrounding the crystal 
and by the residue of metallic silver This is what is known as “ photo¬ 
chemical decomposition ” the process by which it takes place will be 
discussed later 

* Behan* ‘Phot Korr,’ vol 68, p 8 (1921), Weigert, ‘ Proc VTI Int Congress of 
Photography,’ London, p 87 (1928) 
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(2) The external photo-electric effect when the light is of suitable frequency.* 

(3) The internal photo-electric effect, or photo-conductmty effect, by which 
is meant the change m the electrical conductance of the crystal which 
takes place on illumination f 

It has now been shown beyond any reasonable doubt that (2) can only be 
indirectly connected with the photographic process { This conclusion has 
been drawn because experiments have shown that the critical wave-length for 
the external photo-electric emission from silver bromide is in the region of 
X 3000, whereas a silver bromide emulsion is photographically sensitive to 
wave-lengths longer than X 5000 

On the other hand, when we consider the two other characteristic properties 
(1) and (3), the evidtncc strongly points to the photo-chemical decomposition 
and the change of electrical conductance on illumination being intimately 
connected and governed by the same mechanism as the photographic process 
This suggestion will be developed in what follows 

There is now a large measure of general agreement that the process of latent 
image formation by light may be considered theoretically as divisible into two 
stages — 

(1) The formation of free bromine and metallic silver as the immediate 
result of the light absorption by the silver bromide This is known 
as the primary process 

(2) Complicated chemical reactions between the bromine and other sub¬ 
stances, such as gelatin, present m the emulsion and surrounding the 
grains of silver bromide, the distribution of the liberated silver possibly 
being influenced in some way in order that nuclei of a certain minimum 
size, capable of initiating the development process, may be built up 
These reactions whereby the bromine is to some extent prevented from 
recombining with the silver make up what is known as the secondary 
process 

The Primary Process 

We shall be concerned here with the primary process only Although the 
conception of it given above agrees better with observed facts than any other 

* W Wilson, ‘ Ann PhyBik,’ vol 23, p 107 (1007) 

f Wilson, lor at , Scholl, * Ann Physik,’ vol 10, pp 193, 417 (1905), and Arrhenius, 
• Eder’s Jahrb ,’ p 201 (1895) 

+ Toy, Vick and Edgerton, * Phil Mag vol 3, p 482 (1927), Butler, ‘ Proo Iowa 
Acad ,’ vol 34, p 277 (1927) 
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idea, yet tactual photo-chemical decomposition of silver bromide into its elements 
has not definitely been proved to take place in exposures of the order of those 
used m photography In the latter case proof of decomposition is at present 
beyond the accuracy of available analytical technique It will now be shown 
how a study of the photo conductance effect will furnish a method by which 
the primary process can be observed under conditions of time and intensity 
comparable with those used in photography 

In the silver bromide lattice, the single valency electron in the outer shell 
of each silver atom may be regarded as associated with bromine rather than 
with silver, giving silver and bromide ions The action of the light in splitting 
up the crystal into free bromine and metallic silver may be regarded as the 
release of valency electrons from the bromide ions Thus during illumination 
there are a certain number of free electrons present m the crystal, which were 
not free in the dark The presence, on illumination, of a sufficient number of 
these additional free electrons should be detectable as a change in the electrical 
conductance of the crystal At this stage we do not, of course, exclude the 
possibility of the photo-current being partly ionu 

The idea here suggested is that the electron shift necessary for the photo¬ 
chemical decdmposition is the same as that which produces the change in con¬ 
ductance, or m other words, the photo current observed by applying a potential 
difference to the silver hahde is due to the same mechanism as that which brings 
about decomposition 

If this be true, then it should be a general fact that compounds which can 
be decomposed by light will show the photo-conductance effect over the same 
spectral region as is effective in causing decomposition This point has been 
emphasised by Toy,* and only a brief reference need be given here It is cer¬ 
tainly true for the silver halides , Fajans has shownf that if puresilver bromide, 
free from gelatin, be prepared m such a wav that its surface is not contaminated 
by certain adsorbed ions, such as silver or hydroxide ions, the longest wave¬ 
lengths which are effective m causing appreciable visible decomposition m a 
reasonable time are m the blue green region of the spectrum, the sensitivity 
increasing rapidly towards the ultra-violet This is also true for the direct 
decomposition (called the “ print out ” effect) of a pure bromide photographic 
emulsion, and the spectral range over which this decomposition is observed 
is precisely the same as that over which silver bromide exhibits the photo¬ 
conductance phenomenon For both silver bromide and silver chloride it 
* * Proo VII Int Congress of Photography,’ London, p 23 (1928) 
t ' Z Elektrochem ,’ vol 28, p 499 (1922) 
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may be noted that this region is, m fact, the long wave-length edge of the 
absorption bands of these salts 

In addition to these special cases where the spectral sensitivity data are 
known, it seems to be a general fact that all compounds which can be split 
up into their elements by light show the photo-conductance effect, while most 
of those which are very stable to light, such as many fluorides, nitrates and 
sulphates, do not show any photo-conductance whatever These facts are 
well brought out in a paper by Gudden and I J ohl * 

There seems, therefore, to be little doubt that in studying the photo-current 
in silver bromide we are dealing fundamentally with the same mechanism as 
that which brings about photo decomposition A permanent chemical change 
can only occur if some secondary process is allowed to prevent the liberated 
bromine from recombining with the silver The secondary process can to 
some extent be controlled For instance, it will be given every chance to 
occur if the silver bromide is surrounded bj a medium with which free bromine 
reacts very readily, while it will be preventedentirely if the surrounding medium 
is an impervious substance which does not react with bromine, such as glass 
or quartz In this latter case no permanent change in the silver salt can take 
place no matter how long the exposure to light ma> be, and it will be m 
precisely the same state after exposure as it was before But the point to 
emphasise here is that even if there is no permanent decomposition the process 
of liberation of the valency electrons still takes place when the silver bromide 
is illuminated, only in this case there is an equilibrium existing between the 
rate of their liberation from the bromide ions and the rate at which they go 
back again The photo-conductance effect Bhould therefore be observed 
whether decomposition takes place or not In the former case, it will, however, 
be complicated by the changing nature of the system, whilst in the latter it 
can be observed as a completely reversible process In the experiments to 
be described later, the conditions were always chosen so that the secondary 
reactions were prevented 

Now if in the photographic plate the light action is the same as that taking 
place both in photo-conductance and m photo-chemical decomposition then 
the spectral sensitivity range common to these two latter processes for a given 
halide should be the same as that of the latent photographic image (made 
visible by the process of development) m an emulsion made with the same 
halide This also has been shown to be true (Toy, loc ett) Both in emulsions 
made with silver bromide and silver chloride the spectral regions active 


‘Z Phvsllt,’ vol 16, p 42(1923) 
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photographically correspond closely with the light absorption curv es of the pure 
halides Another striking example of the similarity between the photo¬ 
conductance and photographic effects is given by mercuric iodide, which 
Llippo-Cramer* showed in 1903 could be used with gelatin to make a photo¬ 
graphic emulsion He stated that such an emulsion had a maximum sensi¬ 
tivity at about X 5600 when exposed to the spectrum of the sun Later and 
more accurate experiments by G Athanasiuf showed that for an equal energy 
spectrum this maximum sensitivity is at X 5100, a value which agrees closely 
with that found by VolmerJ for the position of maximum photo conductance 
effect in pure mercuric iodide 

From the standpoint of the mechanism of the formation of the latent image 
m silver habde emulsions the investigation of the photo conductance phenome¬ 
non in the silver halides themselves thus appears to be of great importance It 
furnishes a means of studying the mechanism of the primary photo-chemical 
process during the actual light exposure Also it is capable of detecting 
extremely small light effects, the limiting accuracy depending only on the 
sensitivity of the electrical apparatus used for the observations It therefore 
brings within the range of attack latent image problems for the solution of 
which the available methods of chemical analysis are quite inapplicable 

Gudden and Pohl have published many very important papers on the photo¬ 
conductance effect in crystals Little reference is made to their work here, 
largely because in the different types of crystal (diamond, zinc sulphide, 
selenium) mainly studied by them, the photo-currents seem to be of a less 
simple nature than those we have observed in silver bromide 

The precise meaning of “ photo-conductance ” throughout this paper is as 
follows if a and R be the conductance and resistance in the dark, and a' and 
R' the corresponding values in the light, then photo-conductance equals 
o'-o = l/R' — 1/R 

The first part of the paper describes the experiments winch have been 
undertaken in connection with the study of this photo-conductance effect 
in silver bromide The experiments have been devised with the main object 
of elucidating the following problems - 

(1) The relation between the effect and the time of exposure 

(2) The relation between the effect and the light intensity 

(3) The nature of the earners of the photo-currents 

* * Eders Jahrb , p 34(1903) 
fC R col 178, p 1389(1923) 

% ‘ Z Wish Photcol. 18, p 152 (1916) 
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The last problem involves a study of both the dark and the photo-conductance 
effect over a large temperature range, and the influence on the temperature 
effect of annealing the silver bromide 
The second part of the paper deals with the interpretation of the experimental 
results and their significance from the standpoint of photographic theory 


Part I * 

The first essential in carrying out the work outlined in the introduction is 
to find a method of mounting the silver halide in a satisfactory and convenient 
form The main conditions to be fulfilled are the following good contact 
between the salt and electrodes, a uniform electric held between the electrodes , 
layer of salt of uniform and controllable thickness , area illuminated made as 
large as possible and the resistance between the electrodes kept low 

It would, of course, be desirable to use Bingle crystals, such as are found in 
photographic emulsions, for these experiments, but owing to the difficulty of 
handling such small objects it was thought advisable to work first with the 
salt in a more convenient form It was therefore decided to used fused silver 
bromide, which Wilseyf has shown to have the same crystal structure as the 
grains in a photographic plate However, the technique of workmg with 
small crystals is being developed and it is hoped that as soon as possible they 
will be tested in the same way as the fused salt 
The silver bromide was prepared as follows 30 gms tnple re-crystallised 
silver nitrate were dissolved in about 700 c c of distilled water, and 20 gm of 
ammonium bromide, re-crystalhsed once from water, were dissolved in 200 c c 
distilled water The silver nitrate solution was slowly added to the ammonium 
bromide solution m red fight with violent shaking and agitation When all 
had been added the precipitate was allowed to settle, and the whole allowed 
to stand overnight The supernatant liquid was decanted off and the pre¬ 
cipitate, after washing by decantation six times, was collected on a hardened 
filter paper (so as to minimise contamination by orgarno matter) on a Biichner 
funnel and further washed 12 times with distilled water It was then tfans- 
ferred to a watch glass and dried for 5 hours at 130° C , and further for 14 hours 
at 180° C 

Fig 1 shows a transverse section of the type of specimen first used (type G) 
The silver bromide was fused on to a circular quartz plate A, 25 mm m diameter, 


* By G B Habrisor 
t ‘ Phil Mag ,* vol 42, p 262 (1921) 
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with optically worked surface, and spread by a quartz rod into a long strip 
along a diameter While still hot the optically worked edge of another quartz 
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plate B was pressed down on the strip, being kept at a given distance from the 
base plate by means of two small pieces of microscope cover slip The 
dimensions of the edge of this upper plate were 25 X 1 5 mm Sufficient 
silver bromide was used to fill the gap between the two plates and leave enough 
on both sides of the upper plate for making contact with the electrodes The 
electrodes were of fine silver wire 0 2 mm in diameter and were carefully 
cleaned by immersion m dilute nitric acid until the surface just started to 
etch, followed by washing in distilled water This etched surface seemed to 
produce better contact than if the wire were mechanically (leaned so as to 
leave a fairly smooth surface The wire was then embedded in the molten 
salt on each side of the upper plate and the whole allowed to cool When its 
temperature had fallen to about 100° C the surface of the bromide was painted 
with paraffin wax to exclude moisture The use of silver for the electrodes 
has the advantage that with the silver bromide it forms a reversible system, 
a point which will be referred to later In all the experiments silver electrodes 
are used unless stated otherwise 

It will be seen from fig 1 that there is a uniform layer of salt between the 
plates, and since practically the whole of the resistance is due to this part of 
the salt the field will be uniform whatever the position of the wires in the outer 
salt The thickness of the layers may be measured by means of an accurate 
screw gauge, a zero being taken with the two plates pressed in close contact. 
In this way a thickness down to 2 or 3 p can be estimated with sufficient 
accuracy Qualitatively the results given in the paper are not affected by 
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variation in thickness from 1 p to 200 p, which are the limits used throughout 
the work 

These preparations were found to be very satisfactory, the electrode contact 
was good and they could easily be repeated Their dark resistances at ordinary 
temperatures were of the order of 10" 8 ohms 


Electrical Circuit 

The potential gradients used across the silver bromide throughout this work 
did not exceed 4 volts per millimetre at ordinary temperatures, giving a 
current of the order of 10~ 8 amps. The magnitude of the additional current 
on illuminating the silver bromide varied enormously with the conditions, but 
m some cases it was at least 100 times smaller than the “ dark ” current It 
was therefore necessary to find a suitable method of measuring a small fraction 
of a small current 

The specimen of silver bromide (S, in fig 2) was set up in senes with a constant 



50-megohm resistance (X) and a 6-volt dry battery (B) One end of the 50- 
megohm resistance was connected to the gnd of the first valve, and the other 
end through an adjustable dry battery A, and a Cambndge potentiometer P, 
to the filament of the first valve Two stages of amplification using resistance 
coupled 0 £.06 valves were found suitable, the anode current of the second 
valve being passed through the galvanometer (G) together with a “ com¬ 
pensating ” current adjusted to the same value, and fed from part of the battery 
supplying the second valve filament Precautions had to be taken to ensure 
that the first valve acted as a voltmeter of infinite resistance 
Two kinds of galvanometer were used—for ordinary work a comparatively 
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insensitive Gambrell instrument was found to be satisfactory, its period being 
about 2 seconds For investigating the time of reaction, etc , an Einthoven 
stnng galvanometer* with s> nchronous timing and photographic recording 
gear was used The quickest period of this instrument in the circuit described 
is about 1 /200th second 

To measure the photo-currents, the adjustable potentials A and P (fig 2) 
m the grid circuit of the first valve were arranged so that there was no deflection 
of the galvanometer The Bilver bromide was illuminated and in consequence 
its resistance changed, producing a redistribution of potential around the 
circuit SXB The change of potential at ross the fixed resistance X was then 
compensated by altering the potentiometer to bring the galvanometer back 
to zero The battery B was then disconnected and the potentiometer reading 
required to bring the galvanometer to zero again taken These three readings 
gave the potential difference between the ends of the fixed resistance both in 
the dark and light Dividing these values bv the magnitude of the resistance 
X gave the total “ dark ” and the total ‘ light ” < urrents The photo-current 
was the difference between the two 

The great disadvantage of this circuit is that every change of resistance of 
the silver bromide is accompanied by a change of potential across it, and it 
was necessary in order to obtain comparable results to reduce all readings to 
some standard potential This could, of course, only be done if the current- 
potential curve m silver bromide follows some known law, for instance, Ohm’s 
law This point was tested, using silver electrodes for both the hght and dark 
currents at various temperatures from —180° 0 to I 60° C , and the law was 
found to hold rigidly m every case But it was found that if platinum electrodes 
are substituted for the silver ones, a potential of about 1 volt has to be apphed 
before any current flows, due to a polarisation em f which builds up quite 
slowly This appears in the light as well as m the dark, as would be expected 
These results showed that provided silver electrodes were used the circuit 
described above could be employed, and the observed current always reduced 
to the value corresponding with a fixed potential by the application of Ohm’s 
law The reduced values were strictly proportional to the conductances 

If a freshly prepared melt of silver bromide be exposed to hght, complicated 
effects which wnll be referred to later arc at first noticed It is sufficient for 
the moment to say that the effect expected (a quick increase m conductance 
on illumination, called the ‘ positive effect ” and resulting in the photo¬ 
current) could be observed under suitable conditions, and isolated from all 
* Kindly loaned by the Director of the Suenoe Museum 
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compboating factors. It was therefore possible to investigate the tune of 
appearance of the photo-current after the silver bromide was illuminated 
Experiments were first made using one valve amplification combined with 
the Einthoven string galvanometer, but recently increased sensitivity (to be 
dealt with later) has made it possible to use a simple circuit consisting of battery, 
Einthoven galvanometer, and specimen, thus doing away with any lag intro¬ 
duced by the amplifier The penod of the instrument under these conditions 
was about 0 005 second For the actual experiment it was necessary to 
record on the film the trace of the galvanometer string, the timing marks, and 
some record of the time when illumination of the bromide was commenced and 
finished In order to do this the apparatus was arranged as shown in fig 3 



The cinematograph film may be taken as equal m width to the length of sbt 
shown m fig 3, and moving in a direction perpendicular to the plane of the 
paper The two sources of light, S x and S a , illuminate the film m the manner 
shown in the figure, the partition P being placed so that S, can only ill umina te 
part of the slit and S x practically the whole of it The specimen of silver 
bromide S, is mounted in the beam from S a so that part of the beam illuminates 
the specimen and the other J»rt the slit The specimen is connected to a 
battery and the Btring galvanometer The source S x is focussed on the string 
and a lens forms an image of the latter on the film A synchronised toothed 
wheel T interrupts the beam from Sj at intervals of 0 01 second and thus 
produces lines across the film corresponding to this interval With this 
arrangement the moment of illumination of the crystal 8, is registered by the 
darkening on the film due to the direct light from S a , while the moment at 
which the photo-current starts to flow in S„ is registered by the movement of 
th$ image of the galvanometer string on the other part of the film Any “ lag ” 
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between the (bmae of illumination and the initiation of the photo-current could 
thp* be detected 

The photographs' in fig 4 (Plate 18) show some of the results thus obtained 
(«) shows a comparatively long exposure of about 1*36 seconds, it will be seen 
that equilibrium is established after about 0 1 second However long the 
exposure lasts after this there is no change, and on cutting off the light the 
specimen returns to its original state ( b) was obtained by means of a motor- 
dnven disc W (fig 3) cut so that the specimen was illuminated during half a 
revolution and was in the dark during the other half The ‘ shutter ” gave 
exposures of 0 08 second, taking 0 004 second to open and thf same tune to 
close (d) is an enlargement of part of (6) showing clearly the exact agreement 
between the edges of the black portions, representing the moments of exposure 
and cut off, and the beginning and end of the string movements due to photo- 
Currente (c) shows exposures of 0 000") second made about every 0 02 
second by a revolving wheel, it can clearly be seen that even at this short 
exposure some considerable effect occurs 

It is interesting to note m passing that this arrangement is an illustration 
of the idea of the primary and secondary photographic processes discussed in 
the introduction The single beam of light from maj hi regarded as pro¬ 
ducing only the piimary pait of the photographic process m one layer of silver 
bromide (S„) and the uhole photographic process (primary (- secondary, giving 
latent image) in another lay(r, c e , the emulsion on the him 

The complication referred to earlier as occurring with a freshly prepared 
specimen is a slow decrease of conductance with time (negative effect), due to 
a gradual alteration in the crystalline state, until equilibrium is established 
after 5 or 6 days As will be seen later the estabbshment of equilibrium can 
be hastened by annealing This decrease is accelerated by light, so that on 
first illumination a freshly prepared specimen may show an increase, or a 
decrease, or very little change in its conductance, depending on its crystalline 
state at the moment of test Moreover, the observed result will vary with 
tame In the recent work of Kirillow* on these effects it appears that he has 
not recognised that the negative effect is merely a subsidiary property 
of an agglomeration of silver bromide crystals, and is not a fundamental 
characteristic of silver bromide itself 


* ‘ Z Wish Photvol 2«, p 23fi (1029) 
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Relation between Intensity of Illumination and Photo-conductance Effect 

From a theoretical standpoint it might be expected that the effect would be 
proportional to the incident light intensity, as m the photo-electric case The 
experiment to test this was carried out by mounting one of the usual type of 
specimens behind the slit of the spectroscope, and placing in front of the slit 
a movable Ilford neutral optical wedge The blue line X 4358 from the mer¬ 
cury arc was then adjusted to pass through the slit and readings of the photo- 
currtnt taken by the usual valve amplifier method for various positions of 
increasing density of the wedge until the effect became too small to be measured 
The density of the wedge was then gradually decreased and readings taken 
in the reverse direction The mean of these two sets was taken so as to 
eliminate any possible errors due to small changes of sensitivity of the specimen 
during the experiment The Ilford wedge was calibrated accurately for the 
particular bght used 

The light intensity was varied m the ratio of 100 to 1 approximately, and 
many curves were obtained on different specimens, all of which gave a straight 
line relation between photo-current and intensity within the limits of experi¬ 
mental error The greatest intensity of the light employed was 50 y 10”* 
cals per square centimetre per second 

So as to prove beyond all doubt that the photo-currents were actually 
observable with light intensities within the normal photographic range (t e , 
those which require ordinary exposures) an intensity of ultra-violet light was 
adjusted so that it only just produced a developable effect on a plate of 
H and D speed 550 m an exposure of 1 /25th second The photo-current 
which this intensity produced in silver bromide was easily observable on the 
galvanometer 

Investigation of the Effect of Temperature on the Dark Conductance and on the 
Photo conductance 

The dark conductance was found to vary very rapidly with temperature, 
being practically exponential m form as shown in fig 5 (1) The relation 
found can be represented by the following formula, 
log <j = A - B/T, 

when a is the conductance, T the absolute temperature and A and B are 
constants As can be seen from curve 2 (fig 5) the results fit this formula 
extremely well, and it has been shown to hold over the range from 20° C to 
—150° C* (Since the specific conductance could not be obtained owing to 
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uncertainty as to the dimensions of the specimen, the current at constant 
voltage has been plotted against 1/T) Every specimen tested whether 
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annealed or not, gave the same relation, the slope of th< curves agreeing within 
experimental error The effect of annealing was, however, to decrease the 
dark conductance enormously in all cases 

The experimental results obtained from the investigation of the effect of 
temperature on the photo conductance are very complicated The various 
curves obtained are shown in fig 6 The first experiments yielded curve A 
which will be seen to have a sharp maximum at alwut — 5° C This was 
repeated for four specimens of the standard (G) type Then for no apparent 
reason types (B) and (C) appeared wliuh have a maximum at — '*0° C Some¬ 
times this maximum was very pronounced (B) and sometimes almost negligible 
(C) This occurred in more than 12 consecutive specimens of the standard 
type, and no change in the mode of preparation could produce curve A again 
Many explanations of the peculiar shaped curves were considered but they 
all failed when put to experimental test One, however, led to an interesting 
piece of work of which the results only will be given for lack of space It 
was suggested that the effect might be due to a variation of absorption of 
silver bromide with temperature, direct observation having already made it 

2 s 2 
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clear that the salt was more transparent to blue light at low temperatures 
The experimental results arc given m hg 7 , ielati\« values only were obtained. 



and the values obtained by Slade and Toy* at room temperature were used for 
standardisation The values of the absorption coefficient k are plotted against 
* ‘ Roy Soo Proc A, vol 97, p 91 (1920) 
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temperature for the wave-lengths X 4358, X 4062 and X 3650 It will be seen 
that the variation is very considerable, but the results cannot explain the 
maximum in the photo-conductance curves at — 90° C 
At this point further tests were made on a specimen which had been made 
four months previously A comparatively large quantity of silver bromide had 
been fused on to a glass plate and in it had been placed a grid of 10 platinum 
wires, 0 07 mm diameter—the bromide spreading over all the wires The whole 
had been allowed to cool in the absence of any cover plate The specimen had 
been given a test for sensitivity at room temperatures, and had then been put 
away and left for four months before being tested at various temperatures The 
result of this test is shown in fig 6 (D) This curve is seen to be different 
from all those previously obtained, and it was thought that the reason for this 
change might throw some light on the peculiarities already encountered Other 
specimens made up exactlv as the one just described and tested immediately, 
gave temperature curves of the t\pe B and 0, so that the form of the curve 
appeared to be connected with the time the specimen is kept before testing 



This suggested that the shape of the curve would depend on the extent to 
which the silver bromide had been “ annealed,” and that if a specimen were 
kept at a temperature just below its melting point for a daj or two and then 
allowed to cool slowly, it might produce the same effect as keeping it for several 
months at room temperatures This was found to be the case, for on annealing 
a specimen similar to the one described above, which for convenience we will 
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call the Z type, for 2 days, curve D was obtained The curves drawn in the 
figure are not all on the same ordinate scale Various degrees of annealing 
produce different shaped curves—some having maxima at various temperatures 
above — 90° C Fig 8 shows the results of annealing one particular specimen- 
curve A was taken immediately after preparation when the specimen (Z type) 
has been cooled very rapidly It was then annealed for 48 hours at about 
20° C below its melting point—it then gave curve B It may be stated here 
that although it has never been possible to extend a curve of type D (fig 6) or B 
(fig 8) to a sufficiently high temperature owing to the breaking down of the 
specimen, it is practically certain that the curve will reach a maximum, since 
all measurements done at high temperatures above 30° V show a very rapid 
falling off of photo-conductance 

From the above experimental data the following fact is explained In the 
standard type of specimen, when the bromide is enclosed betwt en two plates, 
it would be expected that anneahng would be more difficult than m the open 
‘ Z ” type, consequently curves of type D (fig b) have never been observed on 
the standard specimens however long they have been kept or to whatever 
extent they have been annealed However, the few that gave curve A 
(fig 6) were evidently annealed to a greater degree than the usual ones 

This evidence definitely seems to prove that the shape of the photo-con¬ 
ductance, temperature curve is largely controlled by the crystalline state of 
the silver bromide 

It may be noted here that the increased sensitivity at room temperatures 
due to annealing, and the fact that the “ Z ” type is naturally more sensitive 
than the standard G type, has made it possible to use a simple oircuit containing 
only the specimen, battery, and Einthovcn galvanometer, the dark current 
being compensated by means of a potentiometer At room temperatures 
the increase of conductance on illumination of carefully annealed specimens 
can easdy be made as much as 30-fold whereas unannealed specimens of the 
same type txposed to the same illumination would only show increases of a 
few per cent, or less. 
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Photographic Image—Part II. 

By F 0 Toy and U B H \rrison 
(Communicated by T Slater Price, F R H —Received February 8, 1930 ) 

The Mature of the Photo cunent 

Although the experiments whuh have been elesciibed do not permit definite 
conclusions to be drawn regarding the nature of the photo current, it is very 
probable that it is to a large e xti lit, if not < ntm ly, electronic, as predicted in 
a preliminary note to Nature ’ (May 4, l‘)29) As, however, the method of 
attacking the problem has been by a comparison with the dark current, the 
mechamsm of which is known from the work of previous investigators it is 
advisable first to refer briefly to the question of electrical conduction through 
umllummated fused salts 

The work of many previous investigators has definitely shown that in the 
dark at room temperature the conduction process is purely electrolytn , there 
being no evidence of any elec tromc current in salts of the silver chloride-silver 
bromide type Tubandt and his co-workers* have shown that in silver bromide 
all the dark current is carried by the silvei ion only The experiments of 
Phipps, Lansing and Cooke,f of Phipps and Leslie J and of Phipps and Part¬ 
ridge,§ show that the transport of electricity by means of the kation only is a 
common characteristic of many solid salts These authors found that from 
room temperatures up to the melting points the kation is the only carrier of 
electricity m the case of the chlorides and bromides of silver, lead and thallium, 
but that in the case of sodium and potasbium chlorides, the anion also conducts 
at the higher temperatures In all these cases the relation between the con¬ 
ductance (a) and the absolute temperature (T) was found to be 
log <j = A — B/T, 

where A and B are constants, which is the same equation as we have found to 
hold m our experiments over the entirely different range, from room tempera¬ 
tures to —180° C 

* Tubandt and Lorenz, ‘ Z Phys Them ,’ vol 37, p ">73 (1914), Tubandt and Eggert, 
*2 Anorg Chem,’ vol 110, p 195(1920), Tubandt, ‘ Z Elektrochem ,’ vol 20, p 358 
(1920), Tubandt,‘Z 4norg Chem ,’ vol 115 p 105(1921) 
t ‘ J Amer Chem Soc ,’ vol 48, p 112 (1920) 
t ‘ J Amer Chem Soc ,’ vol 50, p 2412 (1928) 

J ‘ J Amer Chem Soc ,’ vol 51, p 1331 (1929) 
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The process of electrical conduction in single crystals and crystal aggregates 
has also been the subject of many other papers, notably by A Srnekal * A 
brief reference to his work must be made here, since it may be of considerable 
importance from the point of view of photographic theory According to 
Srnekal, crystal properties may be considered as divisible into two classes 
according to whether alteration of crystal struiture leaves the property un¬ 
changed or not The formei he calls “ structure insensitive ” properties and 
the latter, to which electrical conduction belongs, properties which are 
“ structure sensitive ” The latter are greatly influenced by the conditions of 
crystallisation, whereas the former are not Srnekal distinguishes two types of 
conducting ion One of them (the ‘ por< " ion) is the ion which is on an 
internal or external “ surface ” of the crystal In the case of an aggregate 
mass of salt these “ surfaces ” 01 edges of discontinuity in crystal structure, 
may be largely internal, due to imperfect crystallisation This type of ion 
Srnekal supposes to be more loosely held and much fteer to move in the crystal 
than the second or ‘ lattice ion type, by which he means an ion in a part 
of the crystal wheie it is suriounded by a perfect lattice The moie mobile 
“ pore ” ions are identified with the eelge ’ ions suggested by Bliih and lost t 
On this idea the dark conductance is due to the pore ions and depends on the 
extent to which these are present, their number being least in the most perfect 
crystal and becoming greater as the state of crystallisation becomes less and 
less perfect Srnekal quotes in support of this idea the fact that the imperft ct 
crystalline aggregates formed by the solidification of molte n salts at a high 
temperature have an electrical conductance enoimously greater (in one case 
it was found to be nearly one thousand times greater) than for crystals of the 
same material deposited from solution The experiments of Jofle and Zecho- 
witzer.J which show that the electrical concluctiyity of a single crystal of rock 
salt heated between 500° C and 600° (' and subjected to increasing strain 
remains unchanged as long as no new “ surface ” or ‘ cracks ’ are formed in 
it, are also quoted by Srnekal as supporting his “ surface ” theory of electrolytic 
conduction 

Our own experiments on the dark conductance are in complete agreement 
with these ideas Fig 5 shows that the same relation holds between the dark 

* ‘ Z Physik ’ \ ol 36, p 288(1926), 1 Ptivs Z vol 27, p 837 (1926), ‘ Z Elektrochem 
vol 34 p 472 (1928), ‘ Z Phys Chem vol 6, p 60 (1929), ‘ Z Physik,’ vol 56, p 289 
(1929), ‘Z Elektrochem ,’vol 35 p 567(1929) 

t ‘ Z Phys Chem ,’ vol 1, p 270 (1928) 

t'Z Physik,’ vol 35. p 446 (1926) 
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conductance and temperature as previous workers found Tins relation holds 
whether the silver bromide is annealed, or not, though the magnitude of the dark 
conductance depends enormously on the state of crystallisation and vanes 
with it m the way demanded by Smekal’s theory This is shown by our 
experimental observation that the dark conductance of a silver bromide melt 
which had been prepared by viry sudden cooling was decreased some thirty 
times by subsequent slow annealing 

It seems, therefore, that the dark conduction of sdvc r bromide ma) be attri¬ 
buted very largely, if not entirely, to silver ions wlu< h are situated at such 
places as “surfaces” and interfaces between elementary crvstals, and that, 
apart from its true surface conduction, a single perfect crystal of silver bromide 
would be practically an msulatoi This conclusion seems a natural one, since 
it is difficult to imagine how conduction can occ ur in such a crystal, made up 
of highly electropositive and highly electronegative atoms the latter having 
a strong afhnity for the excess or valency electron of the former 

The problem whether the photo current is carried bv electrons or by ions 
could be directly solved if it were* possible to test Faradav s Second Law for the 
photo-current as Tubandt did for the dark current But unfortunately the 
currents through silvei bromide layers of dimensions suitable for giving a 
photo-current comparable with the dark c urrent arc so small that a measurable 
quantity of silver cannot be deposited on an electrode withtn a reasonable tune 
Nevertheless, the facts just quoted in legarcl to the daik conduction are of 
considerable value in arriving at a conclusion as to the probable nature of the 
carriers of the photo-current For if we compare the results obtained in our 
experiments on the photo-conductance with those for the dark conductance, 
to which reference has just been made, striking differences are at once noticed 
Firstly, tho variation of photo conductance with temperature (tigs 6 and 8) 
is m sharp contrast to that of the dark conductance with temperature, the 
shape of the former depending enormously on the conditions of crystallisation 
and in all cases being different from the form of the relation between the dark 
conductance and temperature Further, while at room temperatures the 
effect of annealing the silver bromide is to decrease the dark conductance (some 
thirty times in the case already quoted) it increases the photo-conductance 
enormously Thus m fig 8 even at — r >() 0 C the photo conductance after 
annealing is some forty times greater than the value at the same temperature 
before annealing 

These facts strongly suggest that the photo current is largely, if not entirely, 
electronic If it were ionic, it could only be due to the silver ions, just as 
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is the dark current, for if the action of hght is to change certain of the bromide 
ions into neutral bromine atoms, there seems no reason why the bromide ions 
should carry the current in the hght if they do not do so in the dark But the 
idea of an ionic photo-current not only leads to the suggestion that it must be 
carried by silver ions but also that these ions must be “ surface ” ions hke 
those carrying the dark current, for we rule out the possibility of ions in a 
perfect lattice having anv appreciable mobility If this were the case then it 
might be expected that the photo-conductam e would decrease with an increase 
m the annealing just as the dark conductance does, and for the same reason 
The fact that the photo-conductance changes on annealing m just the opposite 
way to the dark conductance therefore makes it difhcult to suppose that the 
photo-current is ionic, but has a simple explanation if it is carried by electrons 
For, since free electrons can move easily through a metal, thire seems no 
reason why they should not do so even in the perfect silver bromide lattice, 
assuming, of course, that during tlie hght action some electrons which pre 
viously were bound to the bromine atoms may then be regarded as ‘ free 
Also, the continuity of the crystal structure might favour their easy flow 
and hence increase the conductance mi>tead of decreasing it as m the case 
where it is due to the “ surface ” silver ions 
In connection with this question of the nature of the photo-current, there 
is one more point which must be mentioned Referring again to hgs 6 and 8 
it will be noticed that for every silver bromide specimen, whatever its state of 
crystallisation, the photo-conductance tends to increase with decreasing 
temperature below about —160° C This is again in disagreement with the 
facts for the dark current, which decreases continuously from the melting 
point down to —180° C While we cannot yet explain why the general shape 
of the photo-oonductance, temperature curve depends to such an extent on the 
annealing, it is possible that at the lower temperatures the photo conductance, 
being electronic, increases with decreasing temperature for the same reason, 
(whatever that may be) that it does so in a metal At temperatures above 
—150° C it may be that this simple metallic conduction (which is approxi¬ 
mately inversely proportional to the absolute temperature) is becoming more 
and more masked by some other, and at present unknown factor Of course 
it may be dangerous to push this analogy to the case of a metal too far, since 
in silver bromide the “ free ” electrons are generated artificially by hght, and 
m metals they are present naturally as a characteristic property 
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The Relation of the Photo-conductanee to the Light Intensity 
It has already been stated m Part I that the photo-conductance is directly 
proportional to the intensity of the light, a result which can very probably 
have only one interpretation For, since the mobihty of the electrons is 
almost certainly independent of the light intensity for large variations of the 
latter, the change in photo-conductam e with intensity can only be ascribed 
to a change in the number of additional free chetrons present on illumination 
Thus we conclurle that the number of ihctrons free at any moment during 
illumination and taking part m the conduction process is proportional to the 
light intensity If for every free electron there exists a neutral bromme atom, 
then the number of such atoms is also proportional to the intensity of the 
light 

The Relation of the Photo condui tana to tin turn of Exposuie 
Our experiments (fig 4) can be explained bj supposing that the rati of 
production of free electrons is pioportional at each instant to the incident light 
intensity This uniform growth of frtc ilectrons will be checked, however, 
by recombination with disc harged atoms As a result of this an appreciable 
time must elapse before equilibrium conditions are established Fig 4 shows 
that this period is of the order of 0 07 second 
In connection with this question of the tim< of appearance of the photo¬ 
currents, some recent important experiments by Vanselow and Sheppard* 
must be quoted, for although they do not deal directly with changes of current, 
the experimental observations certainly fat in with the assumption of an almost 
instantaneous liberation of electrons from the silver halides on illumination 
Vanselow and Sheppard have been investigating electrode potentials in photo¬ 
voltaic cells, a problem which has been th< subject of much previous work, 
though not from the special view-point of photographic theory The phenome¬ 
non studied was originally discovered by Becquerelf who found that if two 
similar electrodes consisting of a layer of silver iodide on metallic sdver be 
immersed m a solution containing iodide ions, a difference of potential is 
established between the two electrodes when one of them is illuminated. 
Using silver electrodes coated with silver bromide and a solution containing 
bromide ions Vanselow and Sheppard have shown that although the effects 
which occur on illumination arc rather complicated, in general the illuminated 
electrode becomes negative relatively to the other when the light is first turned 

* ‘ J Phyg Chem vol 33, p 331 (1020), ‘ Nature,’ vol 123, p 079 (1929) 
t ‘ La Lumifcre,’ p 121 (1808) 
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on, and then gradually assumes a positive potential as the illumination is 
continued In a further communication Sheppard* describes later experi¬ 
ments which show that the rise of negative potential begins within 1 /600th 
second and attains a maximum within l/65th to l/‘20th second, although on 
turmng off the hght the positive potential only falls off very slowly, taking 
several seconds to drop in value by 10 per cent Vanselow and Sheppard suggest 
that the effects observed are due to the liberation of electrons from the silver 
bromide by the action of hght and to accompanying liberation of bromine 
The almost instantaneous initial negative potential is supposed to be due to 
the fact that “ the electrons penetrating into the silver electrode increase 
the electron pressure and thereby produce the initial negative surge,” while 
the positive potential is explained as being due to the action of the slower 
moving bromine atoms on the inner silver part of the electrode when they 
reach it They test this assumption as to the positive effect in two wajs 
Firstly, they argue that if it is due to the ac tion of bromine on the silver electrode, 
then the presence m the solution of a “ bromine acceptor,” i c , a substance 
which will react with bromine and thus prevent it attacking the silver, should 
decrease or eliminate the positive potential The) find this to be true Secondly, 
they say that if both electrodes are kept m the dark and one only is surrounded 
by a solution containing bromine which should diffuse through the silver 
bromide lacer on to the silver, then this electrode should become positive 
relative to the other and there should be no negative effect at all This again 
is what is obsentd expeiiraentall), the value of the positive potential varying 
with the concentration of the bromine in solution 

Owing to the known complicated nature of the electrode potentials in such 
cells as Sheppard and Vanselow have used, it is not easy to see to what extent 
their results and ours are m agreement But if their explanation of the 
effects the) observed be correct, then both their experiments and ours confirm 
the fact that the primary hght action is to remove an electron from the bromide 
ions, leaving neutral atomic bromine In their experiments this bromine 
diffuses towards the metal silver electrodes , m ours it is entirely prevented 
from moving 

Sheppard has suggested! that the investigation of the photo-conductance 
phenomenon has not proved that the electrons involved are the valency 
electrons of the bromine atoms as is believed to be the case m the direct decom¬ 
position effect and also m the latent image formation But the whole of the 

* ‘ Nature,’ vol 123, p 979 (1929) 

t ‘ Nature * (loc ext ) 
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speotxal sensitivity data previously referred to in the introduction to this paper 
shows definitely that it is due to the removal of this valency electron that the 
photo-currents are produced Whether this is the electron involved in Vanse- 
low and Sheppard’s experiments will be more apparent when they have 
published further data on the spectral sensitivity of the effect they have 
observed The data already published on this point by them* shows no 
sensitivity at wave-lengths beyond about X3650, which is nearly 1500 AU 
less than the range active photographically and over which we have observed 
photo-conductance On the other hand, their experiments clearly suggest 
that bromine is bberatc d, a fact which, if true, neccssarily involves the removal 
of the valency electron, which in the lattice is associated with the bromine 
giving the bromide ion Probably fuither experiments by Sheppard and 
Vanselow will clear up this uncertainty 

Application to Photogiaphic Theonj 

The conclusions which have been reac lied above may have a very important 
bearing on the theory of the formation of the latent photographic image, and 
in connection with this we will consider certain ((inclusions which our experi¬ 
ments indicate - 

(1) The dark conductance of silver bromide is ionic, is carried by certain 
silver ions, and decreases to about one hundred thousandth part of 
its value at room temperatures at the temperature of liquid air This 
decrease may be due to a change m the numbt r of silver ions free, or to 
a change of mobility, or both 

(2) The photo-conductance is probably largely, if not entirely, electronic 
If any part of it is iomc, that part is presumably carried by the same 
land of silver ion as that which carries the dark current, also, if the 
rapid falling off in ionic dark conductance is largely due to changing 
mobility, then the ionic part (if an\) of the photo-conductance will also 
decrease rapidly with temperature 

These facts bear directly on any theory of latent image formation which 
depends on the production of elementary electric currents in the silver bromide 
crystal. Such a theory has been proposed by A P H Tnvellif of the Kodak 
Research Laboratories It is probable that the silver bromide grains of 
certain photographic emulsions contain traces of silver and silver sulphide 
Tnvelh supposes that these substances form the electrodes of an ekmentary 
* ' Phot J ,’ vol 68, p 407 (1928) 
t J hianklin Inat,’ vol 204, p 649 (1927) 
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voltaic cell of the type Ag | AgBr j Ag,S having silver bromide as the electrolyte, 
th< external circuit being completed by contact between the silver and silver 
sulphide The developabihty of the grain is assumed to depend on the existence 
of a “ speck ” of metallic silver large enough to act as a reduction centre for 
development Such a centre is supposed to be formed by growth of the 
original small silver particle (which acts as one of the electrodes) due to the 
deposition of more silver from the electrolyte, the silver sulphide electrode or 
anode thus losing silver to the profit of the silver electrode or kathode 

The light action is supposed to facilitate the accumulation of additional 
silver on the silver speck in two ways, firstly bv increasing the conduction of 
the silver bromide electrolyte and also by increasing the potential of the cell, so 
that the silver electrode speck grows more rapidly in the light than in the dark 
Such a theory is very difficult to accept in the light of our experimental 
results, for the reasons which we now give 
A fraction of a second is a normal fight exposure in order to make developable 
a photographic emulsion which, in the dark, will probably remain without a 
developable image for several years On Tnvelfi’s theory this would imply 
that the rate of growth m size of the silver speck, or the magnitude of the 
electrolytic current to which the growth is due, must be hundreds of millions 
of times greater in the fight than in the dark This increase on illumination 
in the rate of transport of silver ions would, on Tnvelfi’s theorv, have to be 
accounted for either by an enormous increase in the voltage of the cell or by a 
corresponding increase m the electrolytic conduction of the electrolyte, i e, 
the silver bromide The former alternative is almost inconceivable and the 
latter appears very improbable m the fight of our experiments, since it is 
doubtful whether the ionic conduction is increased at all by the fight 
There is also the effect of varying temperature to be considered It has 
already been shown that if any part of the photo current were lomc, it would 
probably decrease rapidly with decrease of temperature (on the assumption 
that an appreciable part of the hundred-thousand-fold decrease of dark con¬ 
ductance is due to changing mobility) to a value at —180° C , which was only 
a small fraction of its value at room temperatures Quite apart from any 
decrease in the efficiency of the secondary chemical processes at low temperature 
and considering only the primary process, we should therefore expect, on the 
idea of an ionic part of the photo-conductance being responsible for latent 
image formation, that the sensitivity of a photographic emulsion would be 
very much less at —180° C than at ordinary temperature This is contrary 
to the facts, for at the temperature of boiling liquid oxygen the sensitivity of 
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a photographic plate is still some considerable fraction of its sensitivity at 
room temperature 

We are thus led to the conclusion that the formation of the latent photo¬ 
graphic image probably does not depend on the transport of silver by elementary 
electrolytic currents Rather does it appear to us that in the primary photo¬ 
graphic process w< are concerned with stationary silver and bromide ions, 
and that in the light some of the bromide ions momentarily become free 
atomic bromine and as such can readily react with othei atoms, or molecules, 
such as those in the surrounding gelatin, thus producing a permanent change 
with metallic silver as one of the resulting products 

In conclusion, we wish to express our thanks to Dr T Slater Price, FRS, 
Director of The British Photographic Research Association, for his interest 
and advice throughout this research and to Prof A W Porter, FRS, for 
many helpful suggestions at all stages of the work We are also indebted to 
our colleague, Dr S 0 Rawbng, for much useful critic ism 
Summary 

Existing experimental evidence indicates that in the formation of the 
latent photographic image, and in the photo conductance phenomena in the 
silver halides, and in the direct decomposition of the silver halides by light, 
the primary light action is the release of valency electrons from the bromide 
ions For a complete understanding of the process of formation of the latent 
image a study of the photo conductance phenomi na is therefore of importance 
Experiments are described in which these phenomena ha\e been investigated 
in silver bromide, under different conditions of crystallisation and over a 
temperature range from room tempeiatures to —180 r C 

It is shown that provided the silver bromide is exposed in such a way that 
no permanent decomposition can take place, the photo-current v< ry probably 
commences to flow at the instant of illumination, and within about 0 07 second 
rises to a constant final value which is strictly proportional to the light intensity 

The results of varying the conditions of crystallisation and the temperature 
indicate that in all probability the photo current is electronic This suggests 
that latent image formation is not due pnmarilv to elementary electrolytic 
photo-currents in the silver bromide crystals Rather does it seem that in 
the light some of the bromide ions are momentarily' changed into free bromine 
atoms, which are not present in the dark and which react w ith other atoms or 
molecules, such as those in the surrounding gelatin A permanent change 
thus takes place, metallic silver being one of the resulting products 
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The Absorption Band Spectrum of Chlorine- 11 
By A Elliott, B Sc , Fellow of the Rockefeller Foundation, Physical Institute 
of the University of Utrecht 

(Communicated by 0 W Richardson, F R S —Received February 28, 1930 ) 
Introduction 

As the results of measurements and analysis of the absorption bands of 
chlorine, communicated m a previous paper,* seemed to justify further work 
on the same problem, particularly with regard to intensity measurements, 
these bands have been further investigated and the results form the subject 
of this paper 

In the publication referred to, the analysis of three bands due to ClaoCl 30 . 
was described, and the discovery of the corresponding lBotope band C 1 35 C 1 S 7 
m the case of one of them enabled the absolute numbering for the vibrational 
quantum number in the upper electronic level to be determined, if one assumed 
that the vibrational quantum numbers for the lower level were known 

Throughout, we shall use the notation given by Birge, f in which the vibration 
quantum number, which is integral, is denoted by v, with v — 0 for the lowest 
existing state Since in formulae for the vibrational isotope effect it is always 
the parameter v + J which appears, the symbol n is used in place of v + £ 
in these formulae For zero vibration, therefore, n = 0, and for the lowest 
existing state n — J As in the older notation, the molecular constants for 
the lowest existing state are denoted by the subscript 0, e g , w 0 , B 0 , etc The 
constants m the case of zero vibration are denoted by the subscript e 

The three bands referred to above were designated the 2 -► 17, 2 -> 18 and 
2 -*■ 19 bands, but as Birge (loc cit) has shown from the writer’s new data, 
this is certainly wrong, and the correct v" v' numbering is 1 -► 11, 1 -*> 12, 
and 1 -* 13, This will be dealt with later in the section on the isotope effect, 
but is introduced now in order that the corrected numbering may be employed 
throughout 

* ‘ Roy Soc Proc A, vol 123, p. 629 (1929) 

f I am informed by Prof Birge that his paper on the isotope effect will not be 
published for some time, and he has asked me to state that, as there are objections to 
the use of n, it is proposed to employ u m place of it 1 am greatly obliged to him for 
placing the results of his calculations at my disposal, and take this opportunity of 
expressing my thanks for his kindness 
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The new bands measured belong to the third progression, and are due to the 
transitions (corrected numbering) 2 >6, 2 -> 7, 2-8, and 2 ► 12 These 
bands are to be attributed to the molecule C1 W C1, 5 In the case of the 2 - 6 
and 2-*-12 bands, the weaker bandB due to Cl 3 ,C1 37 have been found and 
measured In no case has it been possible to identify the very weak bands 
which may be expected from the molecule Cl t7 Cl 37 

Experuru ntal 

Since the new bands belong to a higher progression (higher v") than the ones 
first described, they are considerably weaker (at least at room temperature, 
which has been employed m theset xperiments), and it has been found necessary 
to use longer tubes of chlorine in order to get a satisfactory absorption Two 
tubes each of 150 cm length and 5 cm diameter were filled with chlorine at 
a pressure of | atmosphere Light from a carbon arc was made to pass throe 
times through each tube by an arrangement of plane and concave mirrors 
The glass surface of a plane mirror was cementc d to one end of each tube and 
an aperture 12 mm X 3 mm was scraped from the silvering of each minor 
Plate glass was cemented to the other ends of the tubes, piuen ” being 
employed for this purpose Since the ends were ground only a very small 
surface of “ picien ” was exposed to the chlorine, and the danger of contamina¬ 
tion from this source was very small 

The light from the arc was focussed fust on the apeiture of the mirror of the 
first tube , after traversing the latter, it was reflected bj a concave mirror 
back through the tube, to be reflected again by the plane mirror and brought 
to a focus immediately in front of the loncave mirror, having then traversed 
the tube three times Small plane mirrors served to direct the light on to the 
aperture m the nurior of the second tube, through wluch it passed in similar 
fashion and was finally focussed on the spectrograph slit by a lens The total 
length of the light path in the chlorine was 9 metres 

The chlorine was procured from a cylinder washed and dried in the same 
way as m the first experiments 

The 6-metre grating of the Utrecht Institute was emplo\ed, and the new 
bands were observed in the first order, with a dispersion of 2 5 A U per nullr 
metre, with which the exposure times were about 2£ hours In order to take 
exposures m the second order, very much longer exposurts w'ould have been 
necessary, and comparison with the second order plates taken in the first 
investigation, using a grating of nearly the same dispersion, showed that bttle 
resolution was lost by using the first order 

VOL cxxvn— A 2 T 
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The measurements of frequencies were made from iron arc standards in the 
same way as m the first experiments, and the same measuring micrometer was 
employed On account of the smaller dispersion, the errors of measurement 
are greater m the present measurements, but are probably not greater than 
0 07 cm -1 In addition to the error of measurement, however, the position 
of a line may be in error on account of its being overlaid by neighbouring hnes 
The frequencies and intensities of the band hnes are given in Table I, m which 
integral values for j are used, since the form E = + 1) is used for the 

rotation term m the present work 


Table I —Frequencies and Intensities m Chlorme Band Lines 
Band 2 -* 6 

ci 3 .ci 3S ci 86 ei 37 
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Table I—(continued) 
Band (2 7)a®_86 


] 

P branch 

K branch 

v vac (cm - l ) 

Int 

v vac (cm _1 ) | 

Int 

17 

18041 11 

0 0050 



18 

37 18 

0 0044 



19 

33 27 

0 0066 



20 

28 95 

0 0023 

18040 65 

0 0037 

21 

24 64 

0 0062 

36 73 

0 0058 

22 

20 00 

0 0047 

32 73 

0 0035 

23 

15 14 

0 0046 

28 37 

0 0046 

24 

10 14 

0 0019 

23 92 

0 0054 

20 

04 00 

0 0040 

19 27 

0 0064 

20 

17999 43 

0 0037 

14 40 

0 0068 

27 



09 28 

0 0047 

28 



04 06 

1 0 0028 

29 



17998 51 

0 0061 


Band (2 -» 8),,_ J5 


14 

lfl 

16 

17 

18 


v vac (cm ->) 


18225 36 
22 01 
18 01 
14 70 
10 85 


10 

20 

21 

22 

23 


24 

25 


27 

28 

20 

30 

31 


00 60 
02 10 
18107 05 
92 82 
87 82 
82 71 
77 10 
71 10 
05 53 
59 08 


0 0105 
0 0111 
0 0098 
0 0183 
0 0113 
0 0140 
0 0124 
0 0108 
0 0004 
0 0205 
0 0060 
0 0007 
0 0054 
0 0125 
0 0087 


v vac (cm -*) 


18224 20 
20 92 
17 37 
13 35 
09 00 
05 37 
00 74 
18100 12 
01 11 
80 17 
80 80 
75 42 
60 70 
03 78 
67 65 


Int 


0 0140 
0 0108 
0 0160 
0 0160 
0 0146 
0 0108 
0 0119 
0 0100 
0 0097 
0 0061 
0 18)95 
0 0091 
0 0087 
0 0077 
0 0100 
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Table I—(continued) 

Band 2-12 

ClssCljO Cl»6Cls7 


Jr 

Jr 

i- vac (cm -*). 

Int j r 

Jr 

» vac (cm “>) 

Int 

4 

6 

18836 97 

Too con 

7 

9 

18829 33 

Too con 

5 

7 

36 64 

fused for 

8 

10 

27 31 

fused for 

6 

8 

33 77 


9 

11 

24 82 

mew ure 

7 

9 

31 97 


10 

12 

22 46 


8 

10 

29 84 


11 

13 

19 61 

0 0236 

9 

11 

27 40 

0 0209 

12 

14 

16 55 

0 0162 

10 

12 

24 89 

0 0263 

13 

15 

13 31 

0 0259 

n 

13 

22 03 

0 0295 

14 

16 

09 95 

O 0148 

12 

14 

18 93 

0 0162 

15 

17 

06 28 

0 0095 

13 

16 

16 61 

0 0246 

16 

18 

02 43 

0 0101 

14 

16 

12 04 

0 0170 ' 

17 

19 

18798 27 

O 0186 

16 

17 

08 18 

0 0215 

18 

20 

93 66 

0 0178 

16 

18 

04 18 

0 0209 

19 

21 

89 18 

0 0286 

17 

19 

18799 91 

0 0241 

20 

22 

84 46 

0 0146 

18 

20 

96 31 

0 0264 

21 

23 

79 11 

0 0172 

19 

21 

90 67 

0 0240 

22 

24 

74 01 

0 0218 

20 

22 

86 64 

0 0200 

23 

25 

68 39 

0 0258 

21 

23 

80 29 

0 0314 

24 

26 

63 12 

Overlaid 

22 

24 

74 89 

0 0164 

25 ; 

27 

56 87 

by lines 

23 

26 

69 19 

0 0308 

28 

28 

60 63 

of 

24 

26 

63 16 

0 0346 

27 

29 

43 89 

( 

26 

27 

66 89 

0 0337 

28 ! 

30 

37 44 


26 

28 

60 61 

0 0338 

29 

31 

30 62 

0 0166 

27 

29 

43 88 

0 0395 

30 

32 

23 15 

0 0126 

28 

30 

37 06 

0 0231 





29 

31 

29 78 

0 0237 





30 

32 

22 41 

0 0205 






Analysis 

As before, only P and R branches are found, and from these, term differences 
for the upper and lower states (AF' and AF", respectively) are found, and are 
given in Tables 11 and III for the C1 jjC 1 3S molecules, and in Table IV for C 1 3 B C 1 3 7 
In the case of Cl 3B Cls B the term differences for the upper state agree for the 
bands 1 — 12 and 2 —12, and for the lower state agreement is found for the 
bands 2 — 6, 2—7, 2 — 8 and 2 —12 This confirms simultaneously Kuhn’s 
and Nakamura’s* vibrational analysis, and the present rotational analysis 


•Kuhn, ‘Z Phymk,’ vol 39, p, 77 (1926), Nakamura, ‘Mem ColL Son Imp Univ 
Kyoto,’ A, vol 9, p 316 (1026) 
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Table II —Combination Differences for the Normal State (C1 U C1 SS ) 


R 0 — 1) — P 0 + 1) = 2AF" 0) 



I 


20 (16 
21 60 
22 69 
21 47 
24 49 


2*8 2 12 


17 63 ! 

18 73 

19 72 

20 73 

21 78 

22 0(1 I 

23 36 I 


2(1 49 


10 91 

11 89 

12 S') 

17 83 
14 76 

13 00 

18 71 
17 (11 
IK 64 

19 (12 

20 42 

21 18 
22 .18 


VvoraKi 


17 M |0 4767 

18 07 1 0 4787 

19 (17 0 4798 

20 57 0 4784 

21 60 0 4800 

22 49 0 4786 

21 40 0 4788 

24 79 0 4822 

26 47 0 4802 

20 14 0 4789 


•Average j 0 4790 


* From strong lines 





644 


A. Elliott. 


Table III —Combination Differences for the Excited State (C1 W C1 M ) 
R 0) - P 0) = 2AF’0) 


3 

2 

-V0 

2 

-*• 7 

2 

-*■ 8 

2-+12 

2JF'0) 


2JF'(j) 

4F'0)/2+* 

24F'0) 


2JF'(j) 


6 







3 20 

0 2462 

7 







3 57 

0 2380 

8 







3 93 

0 2312 

0 







4 67 

0 2405 

10 

6 05 

0 2881 





4 95 

0 2357 

11 

6 70 

0 2913 





5 37 

0 2335 

12 

7 07 

0 2828 





5 96 

0 2384 

13 

7 69 

0 2848 





0 52 

0 2416 

14 

8 28 

0 2855 





0 89 

0 2370 

15 

8 91 

0 2874 





7 33 

0 2366 

16 

9 42 

0 2865 





7 86 

0 2382 

17 

9 96 

0 2846 



9 50 

0 2714 

8 27 

0 2363 

18 

10 52 

0 2843 



10 07 

0 2722 

8 87 

0 2397 

19 

11 29 

0 2895 



10 71 

0 2746 

9 34 

0 2395 

20 

11 79 

0 2876 

11 70 

0 2854 

11 36 

0 2771 

9 77 

0 2383 

21 

12 45 

0 2895 

12 09 

0 2812 

11 95 

0 2779 

10 28 

0 2391 

22 

12 84 

0 2863 

12 73 

0 2829 

12 55 

0 2789 

10 65 

0 2367 

23 

13 51 

0 2874 

13 23 

0 2815 

12 92 

0 2749 

11 10 

0 2302 

24 

14 06 

0 2867 

13 78 

0 2812 

13 41 

0 2737 

11 73 

0 2394 

25 

14 67 

0 2870 

14 37 

0 2818 

13 92 

0 2729 

12 30 

0 2412 

26 

15 26 

0 2877 

14 97 

0 2825 

15 01 

0 2732 

12 06 

0 2387 

27 

16 86 

0 2884 



15 33 

0 2787 

13 01 

0 2365 

28 

10 60 

0 2895 



15 74 

0 2761 

13 46 

0 2360 

29 

10 97 

0 2870 





14 10 

0 2390 

30 

17 53 

0 2874 





14 65 

0 2402 

31 

18 08 

0 2870 







32 

18 78 

0 2889 







33 

19 31 

0 2882 







34 

19 90 

0 2884 







35 

20 44 

0 2879 







36 

21 13 

0 2895 







37 

21 50 

0 2867 







38 

22 22 

0 2886 







39 

22 69 

0 2872 







•Average 

0 2874 


0 2815 


0 2750 

j j 0 2382 


* From strong lines 


The isotopic bands 2 -> 6 and 2 -*■ 12 also show agreement m the term differ¬ 
ences for the lower state, and comparison with the previous communication 
(Elliott, loc ext ) shows that the term differences for the upper state for 1 -*■ 12 
and 2 -> 12 agree Ample confirmation of the correctness of the assignments of 
these new weaker bands to the isotopes is thus provided The rotation con¬ 
stants may be found in Table IX at the end of this paper They have been 
calculated m the same way as previously, and again terms m (j) 4 are found to 
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Table IV —Combination Differences for the Normal and Excited 
States (ClisClaj) 



Normal stato 


Excited state 


3 

2 

->6 

2 

> 12 

2 

->o 

2- 

->12 


2JF' (j) 

W'W/3 + i 

2JF'(j) 

dF"0)>ti 

2d F'0) 

dF'0)/.>4-i 

2dF'0) 

dF(j)/j+i. 

9 







4 51 

0 2374 

10 



9 72 

0 4629 



4 85 

0 2312 

11 



10 76 

0 4678 



5 21 

0 2265 

12 



11 51 

0 4604 



5 91 

0 2364 

13 



12 51 

0 4033 



6 30 

0 2333 

14 



13 33 

0 4597 



6 60 

0 2276 

IS 



14 12 

O 4555 



7 03 

0 2268 

1« 



15 04 

0 4558 



7 52 

0 2270 

17 



16 29 

0 4654 



8 01 

0 2289 

18 



17 10 

0 4622 

10 .18 

0 2805 

8 77 

0 2370 

19 

18 10 

0 4641 

17 97 

0 4608 

10 93 

0 2803 

9 09 

0 2331 

20 

18 86 

0 4598 

19 16 

0 4673 

11 31 

0 2759 

9 20 

0 2244 

21 

19 94 

0 4037 

10 65 

0 4570 

11 86 

0 2758 

10 07 

0 2342 

22 

21 00 

0 4667 

20 79 

0 4620 

12 41 

0 2758 

10 45 

0 2322 

23 

21 67 

0 4611 

21 » 

0 4540 

1) 28 

0 2826 

10 72 

0 2281 

24 

22 68 

0 4629 

22 24 

| 0 4539 

13 75 

o 2806 

10 89 

0 2222 

20 

23 81 

0 4660 

23 48 

| 0 4604 

14 05 

1 0 2755 

11 52 

0 2259 

26 

24 55 

0 4632 

24 50 

0 4623 

14 67 

1 0 2768 

12 59 

0 2375 

27 

25 50 

0 4630 

25 68 

0 4669 

10 29 

o 2780 

J2 08 

0 2360 

28 



26 25 

0 4605 

16 10 

0 2825 

13 09 

0 2296 

29 

27 68 

0 4692 

27 18 

O 4641 



13 27 

0 2249 

30 

28 60 

0 4089 



17 18 

0 2816 

14 29 

0 2848 

31 

29 37 

0 4662 



17 77 

0 2821 



32 

30 23 

0 4651 







33 





18 05 

0 2784 



34 

32 19 

O 4665 



10 23 

0 2787 



35 

32 86 

0 4628 



20 OO 

0 2817 



36 





20 40 

0 2795 



Average 

0 4647 


1 0 4611 


1 0 2792 


| 0 2307 


be too small to detect * The bands 2 -> 6 and 2 -*■ 12 have the same peculiarity 
of structure as was observed m the 1 <-12 band, namely, superposed P and R 
branches, and this, of course, applies to the main band and to the isotope 
It results m a great simplification of structure as well as an increase in intensity, 
and it is doubtless for this reason that the isotopic bands have here been 
detected In the case of bands in which the two branches are separated, the 
complexity is so great that the isotopic bands cannot be identified 

* The differences m B for the strong and woak lines previously reported has not been 
confirmed m the present work Only small, non systematic differences are found; 
presumably the fact that slightly laiger B values were found for the 1 -> 11,1 12 and 

1 —*■ 13 bands from the strong lines was accidental 
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The Vibrational Isotope Effect 

A knowledge of the rotation constants of a band enables the frequency of 
the origin to be calculated from the frequencies of the band lines with con 
siderable precision, and this has been done for all the chlorine bands which 
have been analysed , the origin frequencies are given in Table VI, along with 
the vibrational isotopic separations which are given directly by the differences 
m origin frequencies of the isotopic and main bands In accordance with the 
usual practice, the separation or shift is given as v ( - v, where the superscript 
t denotes the less abundant molecule, in this ease Clj r ,Cl 17 

Since isotope shifts for different values of both »>' and v" are known, it is 
possible to find the correct numbering for both levels from the observed shifts 
This has been done by Birge ( loc ext ), using a method which has been given 
by Gibson,* and there can be no doubt that Kuhn’s conclusion (Kuhn, Joe 
ext ) that the progression in which v" — 0 does not occur but is replaced bv 
continuous absorption, is wrongf The calculated lsotopn shifts for the new 
numbering are given in Table V 

Consequent upon the change in the v" v' numbering, a levision of the vibru 
tion < onstants for the lowest state becomes necessary, and this will be dealt 
with later A further consequence is that the value for the heat of dissociation 
of the normal chlorine molecule given by Kuhn (loc at ) must be reduced by 
one quantum of vibration The heat of dissociation is then given simplv bv 
1>-V„ - (2*1*3 - 2*P,) 

where v c is the fiequeney of the convergence point 

Taking Kuhn’s figures for the quantities on the right-hand side of this 
equation, D becomes 56 9 C This value agrees better with the chemically 
determined value 57 00 (.’ than did Kuhn’s original result (58 5 (’) 

Molecular Constants of Cl 3-) 01. n 

(a) Rotation Constants The .otation constants of ClwClj,, are now known 
for two vibration states (v" — 1 and 2) for the normal electronic level, and 
for six states (v' — 6, 7, 8, 11, 12 and 1.1) m tho case of the excited level (Table 
IX) If we assume a hnear relation between B„" and v” for the normal level, 

* ‘ / Physik,’ vol CO, p 692 (1928) 

t Note added in proof —Dr Kuhn has informed me that, after hearing about the new 
results on isotopes in CL,, he has repeated his temperature experiment The new 
expenment indicates that the observed absorption senes converging to a limit, arises 
from tho lowest level V'— 0 The earlier result V" 1 was due to an error 
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a simple extrapolation through l unit of v" leads to the value of B," for the 
lowest possible state (B 0 ") and since the extrapolation is through such a short 
distance, the values so obtained must be fairly reliable 

For the excited state the B„' values have been plotted against v' in hg 1, 
and a marked divergence from hneantv is to lie observed The values for 



v' ~ 11, 12 and 11 are fairly linear, as an those for v‘ = 07 anti 8 but the two 
linear portions have quite different slopes It would perhaps be possible to 
draw a smooth curve through all the points, but it would show a very quick 
change of slope and the impression is veiv strong that wt have here to deal 
with two more or less linear curves, with something verj like a discontinuity 
at the point v' — 8J it is to be regretted that more points on the curve are 
not available, especially in the direction of decreasing v', hut the bands in 
which v' is lower than 6 are exceedingly weak and their analysis has hitherto 
proved impossible Assuming that a linear extrapolation holds the value of 
B 0 ' is given m Table IX but this must be taken as the uppe i limit to this 
quantity 

The fact that an abrupt change of slope, or discontinuity, occurs in the 
B' — v’ curve is very striking, and suggests at once that here we maj have ft 
connection with the point of discontinuity in to,' — v‘ curves which Birge* 
* • • Trans Faraday Soc vol 25, p 707 (1929) 
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has found m certain molecules, including the halogens ThiB will be discussed 
in the section on vibration constants which follows 
For the molecule C1 jjC 1 87 the rotation constants are now determined for 
v" = 1 and 2 for the normal state, and for v' = 6 and 12 for the excited state 
These, along with the observed and calculated ratios Bas^/Bar.-s? are also 
given m Table IX The calculated value of this ratio is obtained as follows — 
For the mam molecule we have 

B, = B 0 — «v 

For the isotope, the appropriate factor is p* for B 0 and p 3 for a 
Hence 

B‘„ — p 2 (B, 4- av (1 — p) 

and 

B f /B,‘ = B e /(B e «v (1 — p)) 

It may be seen from the calculated values of this ratio that the influence of 
the term <xv (1 — p) is negligible for values of v lower than 6 Except m the 
result for v' = 12, the observed and calculated values are in very good agre< - 
mcnt, and in that case the difference is 1 7 per cent 
(6) Vibration Constants —The measurements of band heads and tlu analyses 
carried out by Kuhn and by Nakamura ( loc at) permit the calculation of the 
frequencies of vibration of the nuclei («,), aud Kuhn gives a list of these 
frequencies from his own data Hitherto, however, the correct vibiational 
numbering has been uncertain, and the determination of the fundamental 
frequencies <o 0 ' and w 0 " (that is, the nuclear vibration frequencies in the 
lowest existing states) has m consequence also been in doubt Since reliable 
determinations of the absolute values of v' and v” have now been made, and 
since also more accurate data for some of the band origins is available, a 
discussion of the vibrational constants seems to be useful at this stage 
The measurements of Nakamura were made with an instrument of higher 
dispersion than were those of Kuhn, but are not necessarily more accurate 
on this account, since high dispersion makes it difficult to observe the heads 
In fact, the figures of Nakamura do not give such a consistent — v" 
curve as those of Kuhn, though the to/ — v' curves of both agree fairly well 
Nakamura’s measurements are, however, more extensive and include values 
for the heads of bands which were not observed by the latter, due no doubt to 
the long absorption tubes used by the former The frequencies of the band 
heads are arranged in a vibrational scheme m Table V The analysis of the 
rotation structure has enabled the origins of seven bands to be calculated 
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(Table VI), and from these, four reliable values for <o„' and one for w," are 
obtained , these are given m Table VIII, and are probably accurate to ± 0 2 
cm -1 Kuhn’s and Nakamura’s measurements are of the frequencies of the 
R-heads, and the writer’s measurements are of the band origins, but the 
difference on this account is small A simple calculation, using the known 
rotation constants, shows that the heads of the 2 -► 6 and 2 -*■ 7 bands, for 
example, are situated at 0 36 and 0 34 cm -l from the origin The error in 
to, if ono uses measurements of heads instead of origins is therefore 0 02 cm -1 
and is quite negligible 


Table V -Band Heads 


Frequencies from Nakamura’s measurements (loc cit ), with vibrational 
assignments as m this paper 


\ 

\ 

• 

1 

4 



5 



6 



7 



8 


18809 0 

9 


18909 9 

10 

10673 4 

19120 5 

11 

10808 7 

19259 7 

12 

19948 1 

19388 9 

13 

20070 7 

10506 0 

14 

20177 6 

19617 5 

15 

20277 8 

10714 5 

16 

20364 1 

10808 7 

17 

20444 1 

19891 4 

18 

20519 6 

19961 6 

10 

20581 6 

20025 6 

20 

20633 5 

20082 7 

21 

20682 1 

20133 7 

22 

20727 5 

20178 0 

2J 

20757 7 

20210 2 

24 

20793 0 

20240 5 

25 

20808 2 


26 

20827 7 


27 

20836 4 



2 3 


17405 4 
17701 « 
17803 0 
18088 8 
18261 8 
18417 0 
18578 7 
18710 1 
18844 1 
18066 7 
19073 4 
10171 8 
10262 5 
19340 1 
19421 3 
19481 4 
19536 (1 


17352 1 
17636 5 
17707 0 
17866 7 
18024 6 
18167 0 
18295 9 
18414 6 
18623 0 
18627 2 
18714 7 
18798 8 
18874 7 
18936 6 
18993 7 
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Table VI —Origin Frequencies and Isotope Separations 


Band 

Origin frequenoy 

Isotope separation 

Observed- 

CW’l« 1 

Cl„(’l„ ! 

1 

Observed 

| Calculated j 

calculated 

L-ll 

19258 0 

! 

om-» 

cm- 


1 -» 12 

1 — u 

19389 0 
19509 2 

19379 4 

-9 6 

-9 98 

-0 38 

2 (t 

2-*. 7 

2 -»• 8 

17890 9 
18076 1 
18250 4 

17892 5 

-1 6 

1 

-1 74 

-0 14 

2 -v 12 

18840 2 

18837 6 

-2 6 

-2 68 

j -0 08 


The available data from all three sources has been combined, the greatest 
weight being given to the measurements of origin frequencies The to, values 
for the excited state are plotted against v' in fig 2 The points of this curve 
show a very large spreading, though this is not so great m the ease of Kuhn’s 
results for high values of «' 

The determination of the exact form of the to, — v’ curve is very uncertain 
in view of the spreading of the points, but it is evidently of the non-hnear type, 
and seems to be of the form which Birge (loc ctt) has found to be general for 
non-hnear types Over the portion for which determinations of to, from band 
origins are available, the curve is linear to a high degree 
It has been examined by plotting AE„ (= 8E,/&w„) against <o„, and this 
curve, which is reproduced in fig 2, gives fairly clear evidence of the break 
which Birge (loc ctt ) has found m such curves for the excited state of molecules 
such as 0, and the halogens In Cl, the break occurs at a point where to„ 
has the value 135 cm _1 , corresponding to v' = 11 Unfortunately, the values 
of to, do not permit of the determination of this position within less than 
ubout ± 2 units of v' 

The discontinuity or at least abrupt change of slope in the B„' — v' curve 
occurs at t/ = 8$, or perhaps 9 In view of the uncertainty of the position of 
the break m the AE„ — to, curve, it appears quite possible that the point of 
discontinuity occurs at the same value of v' in the two caseB, and that they are 
both evidences of the same change in structure of the molecule The point 
v' — 9 corresponds to (very approximately) 59 per cent dissociation 
Since the to, — v' curve is lmear over the range for which the origin fre¬ 
quencies have been determined, these latter can be fitted to a Kratzer formula 
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quite accurately, using the vibration constants m Table VIII The following 
formula fits the data satisfactorily 

v = 17657 7 - (255 7t/ - 5 42»' a ) — (560 9c" - 4 Ov"*) 

The first term in the expression for the ongin frequency is, of course, the 
frequency of the 0—0 band, assuming that a linear extrapolation to v’ — 0 
is permissible The mean value of the ‘ observed-calculated ” values for the 
seven bands measured is 0 25 cm _1 

Intensity Measurements 

Smce the ClajCl M bands show alternating intensities, the determination of 
the ratio of strong to weak hnes in this spectrum is a matter of considerable 
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interest, as it leads to the evaluation of the nuclear spin A tentative value 
of this ratio has already been given* but it was highly desirable to obtain more 
measurements, and intensity measurements have been carried with this point 
m view 

The relative abundance of the isotopes can, m some cases at least, be deter¬ 
mined from band spectrum intensities, but m the present case it is subject to 
considerable uncertainty As has been pointed out by Giauque and Johnston,f 
it is possible that the absorption coefficient of a non-symmetncal molecule 
may be greater than that of a symmetrical molecule, which is similar in other 
respects , in considering the abundance of C 1 35 C 1 S 5 relative to that of Cl r ,Cl S7 
from intensity measurements, we must keep this possibility m mind The 
present results, when compared with Aston’s figure for the relative abundance 
of Cljjs and Clj 7 , show that such an effect may be present here, though 
the accuracy of measurement does not admit of certainty on this point 

With regard to the question of the absence of alternating intensities m the 
non-symmetncal molecule Cl l(1 Cl 87 , not much new evidence is provided, since 
the intensities in one of the isotope bands (2->-12) are very much disturbed by 
overlying lines, and m the other (2 “>-6) the strong lines (odd,; numbering) of 
one branch are superposed on the weak lines (even j numbering) of the other 
for both mam and isotope bands, and no alternation of intensity results The 
results of the first communication were fairly conclusive on this point, however, 
and the effect has also been found in the band Bpectrum of oxygen J 


The intensity of an absorption line 


measured by the value of 


aiydv 


where a„ is the absorption coefficient for the frequency v in the usual absorption 
formula I = and the determination of the absolute intensities would 

involve the integration of a,, over the whole breadth of the line, for every Ime 
Since the determination of the absolute intensities was not the chief object of 
this work, the integration has not been carried out for these lines, and only the 
maximum value of x„ i e , the coefficient of absorption for the centre of the 
line, has been determined 

If all the fines measured were of the same shape, then it is clear that the 
ratio of intensities of two lines I and 2 would be given equally well by the ratio 

a yt dv or bv a (mnx)1 /a (nMUO *, and no error could be introduced 


nwn 


* Elhott, loc ctt 

t * Nature,’ vol. 123, p 831 (1929) 

J Giauque and Johnston, ‘ J Amer Chem Soo vol 51, p 1438 (1929), also Babcock, 
Ptoc Nat. Acad Soi,’ vol 15, p 471 (1929) 
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"by employing the latter There is no reason for thinking that the shape of single 
band lines will alter, at least within one band, and the different shapes of the 
lines which appear on the photometer curves must be chiefly due to blending 
with other hnes Now the integrated absorption coefficient would be at least 
as much in error as the central absorption coefficients on this account, and might 
conceivably be even more disturbed than the latter, which has consequently 
been employed as a measure of the intensity 

In all the intensity measurements, the usual method employed at Utrecht* 
has been employed, and from the photographic densities (measured from the 
microphotometer record) the corresponding intensities were found from a 
cahbiation curve The latter was obtained from a plate developed simul¬ 
taneously with the chlorine plate, on which spectra of a tungsten lamp were 
photographed , the intensity of these spectra was varied in a known manner 
by means of “ step reducers,’ and the densities corresponding to these intensi¬ 
ties (at the required wa\e length) were measured From these, a density- 
intensity curve was drawn, one for each band This was desirable since the 
form of the calibration curve alters somewhat with wave length, though within 
one band it was sufficiently constant The absorption coefficients a for the 
centres of the hnes were calculated as in the former work, and are given under 
the heading “ Int ” m Table I 

In all absorption measurements, the finite resolution of the spectrograph 
and the width of the slit cause the absorption lines to appear less deep than 
they are in reality So far as relative measurements are concerned, thiB 
would not matter if all the hnes were of the same shape, but the hnes as 
actually observed differ somewhat m this respect 

To determine the correction for each line would ha\e necessitated very 
great laboui, but the influence oil the intensity relations could be investigated 
as follows The band 1 >-12 (which on account of its strength could lie 
observed with a single tube and consequently did not require very long 
exposures) was photographed in the first order with the slit width employed 
throughout this work (namely 0 02 mm ) and also with a slit width 0 04 mm , 
and in the second order with slits of 0 03 and 0 04 mm The intensities of 
seven of the narrowest hnes were then measured from these four plates 
Although the absolute intensities vaned considerably, the values of the 
intensity ratio for strong and Weak hnes only differed from the mean by 
— 4 5 per cent, 0 per cent, — 2 per cent, and 1 per cent for the slit widths 

* Omstein, ‘Proc Plus Soovol 37, p 334 (1925), also Balv, “ Speetroosopy 
▼ol 3, p 156 
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0 04 mm (first order), 0 02 mm (second order), 0 04 mm (second order), 
and 0 03 mm (second order) These results indicate that the true ratio may 
perhaps be somewhat larger than the measured one, but it is also possible that 
the differences are accidental Since the lines on which these test measure 
ments were made are narrower than most of the lines whose intensities have 
been measured, the effect (if real) will m general be smaller than that above 
and has been neglected in the final result for the intensity ratio 

The differences in the absolute absorption coefficients are irregular and muih 
greater, being even as large as 100 per cent This is not m the direction which 
would be expected if it were due to the finite resolution of the spectroscope 
and is probably due to developer effects, which are known to occur when there 
is a steep density gradient on a photographic plate, as m narrow absorption 
lines The figures under the column ‘ Int ” in Table I therefore only give a 
rough estimate of the absolute value of the central absorption coefficient 

Alternating Intensity Ratio 

The average value of the intensity of the lines in one branch having odd j 
values (t e , the strong lines) has been compared with that of the even j lines 
m the same branch, for the bands 1 -*■ 11,1 -*■ 12,1 -*■13,2 -«■ 7,2 -> 8, and 2 -* 12 
This is equivalent to finding the ratio of intensity of a strong line to that of 
the mean of the two adjacent weak lines , since the intensity of the chlorine 
band lines does not vary very rapidly withj, this procedure does not introduce 
any appreciable error The results are given in Table VII The mean of the 
ratio for the P and R branches for each band is fairly consistent A weighted 
mean value for all the bands has been taken, m which the value for each band 
has been weighted according to its closeness to the arithmetic mean This 
final value for the ratio of the alternating intensities (1 36 1), has been 


Table VII —Intensity Ratios 

(a) Alternating intensities (ratio of intensity of strong to weak bnes m C1 S5 C1 M ). 


Band 

F branch 

R branch j 

Mean 

1-*11 

1 28 

1 1 22 

1 25 

1-*12 

1 40 (superposed P and R) 

1 40 

1~* 13 

1 43 

1 34 

1 38 

2-> 7 

1 49 

1 21 

1 35 

2-t- 8 

1 62 

; i is i 

1 40 

2-* 12 

| 1 34 (superp osed P and R) 

1 34 


1 

| Weighted mean 

1 36 
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Table VII—(continued) 

(6) Isotopes (ratio of intensity of CIjcCIjo to C 1 M (J 1 3 7 ) 
Bund I Ratio 


1-»12 1 35 

1- > 6 1 28 

2- > 12 1 42 



derived from rnoio than 170 lines, and may therefore be considered fairly 
reliable , the mean error calculated from the divergence of the individual 
values for each band from the mean is 0 057 

By taking an average over a very large number of hnes in tins way, ono can 
to a considerable extent get nd of the errors due to blending, i e , to the fact 
that a number of hnes are overlaid by other lines But even if a sufficient 
number of hnes has been taken to ensure that, on the average, the same 
intensity of overlying hnes has been added to both strong and weak hnes, the 
measured ratio of these latter will still be m error, and will be smaller than the 
true ratio by an unknown amount Consequently the figure 1 36 must be 
regarded as a lower limit It appears probable that the true ratio is not 
greatly m excess of tbs, since even if the average intensity of the overlying 
hnes amounted to 20 per cent of the intensity of the weaker lines, the ratio 
would then only be raised to 1 45, and this estimate of the intensity of the over¬ 
lying lines is probably too high In view of these considerations, it is probable 
that the true ratio is very close to 1 4 I, which is the theoictical one corre 
sponding to a nuclear spin of 5/2, and the latter is therefore taken as the most 
probable value for tbs quantity The fact that an odd number of units of 
spin is found is m agreement with tho fact that CI^CIm has an odd number of 
nuclear particles (18 + 35) 

Relative Abundance of hotopes 

In the first results published on Cl 8 , an estimate of the relative abundance 
of the molecules Cl»Cls 5 and CW was made from tlireo hnes m tho 1 12 

band, and a ratio 1 75 l was found It has seemed better in the present work 
to compare as many lines as possible, and the intensities of Cl^Cl^ and 
CljjClj 7 have been compared by taking the average (over hnes havmg the same 
j values) for the bands 1 -»12, 2 -+ 6, and 2 > 12 (see Table VII) The mean 

VOL. 0 xxvu.—a. 2 u 
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value for the ratio (from DO lines) is 1 46 1, but this is again a lower limit 
The same assumption as to the intensity of the oveilymg lines would raise the 
figure to 1 45 1, and tbs is still considerably below the value 1 67 calculated 
from Aston’s value for the isotope ratio On account of the much smaller 
number of hues from which the ratio has been derived, it is more open to doubt 
than the alternating intensity ratio, especially as in many cases the isotope 
hnes were imperfectly separated from other lines It is, however, possible 
that here we have evidence of a greater absorption coefficient for tho non- 
symmetncal molecule Clj&Cla 7 , but it is not conclusive 


Table VIII —Vibration Constants for C1 35 CI M 


Normal level 

• 1 

j «>t (cm - l ) 

b 

| Data employed 

0 

11 

560 e 

548 9 

40 

Extrapolated from results of Kubo, Nakamura, 
and thia paper 

w from origin# of bands calculated from 
rotational analysis , b from curve using above 
data 

Kxcited level 

o 

1 

121 

255 7 
185 2 
174 3 

1 131 0 
120 2 

5 42 

brum unguis of bands (this paper) 


Table IX —Rotation Constants 
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Summary 

(a) The rotation structure of four bands assigned to Cl^Cl^ and of two 
assigned to CI^CIjt has been analysed, and only P and K branches are found 

(b) The vibrational isotope shifts observed demand a revision of the vibra¬ 
tional quantum numbers for both the normal and excited states The former is 
decreased by i, and the latter by 0, as compan d with the lesults of a previous 
communication 

(c) A pt c ulianty in tin — v curve for the excited state, amounting piob 
ably to a discontinuity, is observed , it is suggested that this is connected with 
a discontinuity observed by Birge m curves for the vibrational constants of 
certain types of molecules 

(d) Tables of vibrational and rotational constants are given, and piobubh 
extrapolations for these constants are made for the lowest vibrational state, 
in both electronic levels 

(e) intensity measurements have been cansd out on «i laigc number of 
lines, and a low er limit for the alternating intensity rutio 1 30 1 found From 
a consideration of the sources of error, it is shown tliat the ratio is probably 
not higher than 1 45 l The only theoretically possible nucleai spin which 
gives a ratio between these limits is 5/2, which is consequently taken as the 
nuclear spin of Cl^ 

(/) The abundance of ClfeCIja relative to ("WJlj; is cstuuuted from intensity 
mcaauicments, and a lower value is found than would In* expect* d from Aston’s 
latio of isotopes This may be due to inaccuracies of m< asunmeat, but may 
also be caused by a greater absorption (pet molecule) for ClaA'in than for 
CU Cl»r, 

Finally, the author wishes to express Ins thunks to Prof L S Ornstein for 
the facilities and assistance afforded him at Utrecht, to Prof W E Curtis for 
the use of a measuring micrometer and calculating machine when liu was in 
England, and to the Fellowship Committee of Armstrong College for a grant 
during the first part of his stay in Utrecht 
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The Scattering of Electrons by Atoms. 

By N F Mott, Lecturer m Theoretical Physics, The University, Manchester 
(Communicated by W L Bragg, F R S —Received March H, 1930 ) 

The scattering of a stream of charged particles by a spheric ally symmetrical 
electrostatic held was first investigated, from the point of view of the wave 
mechanics, by Born * Various authors have developed lus ideas and have 
apphed them to the scattering of electrons by atoms, which for the purpose 
have been treated simply as fields of force The purpose of the present note 
is to obtain formulae for the scattered intensity by methods similar to those 
used in calculating the scattering of X-rays by an atom The formula) obtained 
have all been published elsewhere, either by the present author, or by others , 
it has, however, appeared worth while to pubhsh the present method of 
obtaining them, partly because the analysis is particularly simple, secondly 
because the results are expressed in a form easy to compare with those for 
X-rays, and thirdly because the method makes it clear under what conditions 
the approximations used will lead to a sufficiently accurate result 

Experiments on the scattering of streams of charged particles measure the 
“ scattered intensity ” , we shall first define just what we mean by this 
Suppose we have a beam of particles of such intensity that one particle crosses 
unit area in unit tune Suppose that the beam fall on one scattering centre— 
that is to say, on one atom, at a point O Suppose that a disc, of area R 4 do, 
be placed at a point P, distant R from 0, and such that OP makes an angle 0 
with the original direction of motion of the particles The disc is to be normal 
to OP, so that it subtends a solid angle do at O Then if I,do be the number 
of partioles striking the disc per unit time, I# is what we call the scattered 
intensity 

The fundamental assumptions that wc make in dealing with the scattering 
are as follows A beam of particles, all with tho same energy, behuves like a 
beam of waves The rate of flow of particles is proportional to the square of 
the amplitude of the waves If the waves fall on a small region of space, in 
which there is an electrostatic field of force, they are scattered From the 
amplitude of the scattered wave we deduce the number of electrons scattered 
m any direction Thus, if when a wave of uwt amplitude falls on the centre 
of force, the wave scattered has amplitude R _1 /(0) at distance R from the 
* Bom, ‘ Z Phyrik,’ voL 38, p 803 (1920) 
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centre and m a direction making an angle 6 with that of the incident beam, 
then 

i. = i mr 

The law that determines how these waves are scattered can be deduced 
from the wave equation AVe shall state it first and then prove it Each 
element of volume dxdydz in which there is any field scatters a spherical 
wavelet If V (xyz) be the potential energy that one of the particles would 
have in that clement of volume, then the amplitude of the scattered wavelet 
at distant e It from (xyz) is 

1_ y (xyz) dx dy dz, 

times the amplitude of the wave at the point (xyz) If V is greater than zero, 
then the wavelet starts with the same phase as that of the whole wave at (ryz) , 
if V is less than zero it starts with opposite phase This law is evai t The 
amplitude of the resultant wave scattered by the whole region m which there 
is any field is obtained by considering the interference of all these wavelets 
It will now be shown that this law is derivable from, and indeed equivalent 
to, the wave equation of Schrodmger Let tp be the wave function, a complex 
function, giving the amplitude and the phase of the wave at any point The 
wave equation is 

VN» + 2~(E-V)i|*=-<) (1) 

E is the energy of each particle in the stream that the wave is to describe 
m is the mass of each particle Let us write E /A* — Z 2 , so that 2rc/X is 
the wave-length of the waves Then (1) may be written 
(V* + V) <p = 87i*mVi};/A* 

Now it is a well-known result that if/ (xyz) be a known function, then the most 
general solution of 

(V« + i«) «!>=/(***) 

is 

<P (-C7/2) = 0 (ryz) + jjj ?/ z') dx' dy'dz' 

where Q(xyz) is the general solution of 

(V*-f-A*)G = 0 

Therefore, if ip is any solution of (1), then <p must satisfy the “ integral equa¬ 
tion,” 

<P (xyz) = G (xyz) + ^ V <x' if z') * (x' if z') dx ' dif dz’ (2) 
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Now, let t|> be that solution of (1) which describes the scattering, namely, that 
solution which consists of an incident wave and a scattered wave 
For large r, the integral on the right tends to 

where A depends on r/ ( r | only The integral therefore represents the scattered 
wave G must, lie chosen to represent an incident wave , that is to say 
G = e' u 

The form of the integral in (2) shows that the scattered wave is made up as 
we have stated, by the interference of wavelets si attereil by each element of 
volume, each with amplitude and phase given bj 

(inm/h*) V (xyz) <J/ (xyz) ds dy ds/H 

To calculate the scattered intensity then, we must consider the interference 
of the wavelets This will be particularly easy if the amplitude and phase of 
the waves inside the region in which there is any field are not very different 
from what they would be if the field were not there In other words, if the 
scattered wave, inside the atom, is negligible compared to the incident wave 
The amplitude and phase of each scattered wavelet is thus known Born's 
method of obtaining approximate formulie for the scattering is equivalent to 
this assumption , he sets 



in the integral m (2), and evaluates it for large r However, we can obtain 
his results by a simpler method 

We use a formula that is familiar in X-ray analysis Suppose that a wave 
of wave length X falls on a spherically symmetrical distribution of scattering 
medium Suppose that an element of volume ds dy dz at distance r from the 
centre scatters a wuvekt of amplitude It -1 P (/) ds dy dz Then, so long os the 
amplitude and phase of the incident wave inside the medium are not very much 
disturbed, the amplitude of the resultant scattered wave at a great distance 
R, and m a direction making an angle 6 with the direction of the incident 
wave is 

R-»4» f* H JHJ!Lr{ r )r*dr, (?) 

where 

p =- in sin J 0/A 

The formula is applied to the scattering of X-rays by an atom in the follow¬ 
ing way The atom is treated as though it were a spherically symmetrical 
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distribution of electric charge The charge density at distance r from the 
nucleus of the atom we denote by e| This density may be calculated 

by the methods of Thomas and of Hartree Now, according to a theory duo 
to J J Thomson, an element of charge dp should scatter a spherical wavelet 
of amplitude R" 1 erfp/me 2 times the ampbtude of the wave at that point 
If therefore a wave train of X-rays of unit amplitude fall on an atom, and if 
the amplitude and phase of the waves are not very mm h altered insule the 
atom* the n the amplitude of the total scattered wave is 

whoi e 

F (0) = 47t f**5i£Li£l | j; (»•) j* j* dr (4) 

J 0 pi 

The curves F have been calculated for a groat many atoms It is noteworthy 
that F is a function of sin £0/X only 

The same formula (an be used to calculate the scattering of particles by a 
field of force Suppose a wave of unit amplitude fall on the scattering 
centri In this case every volume clemi nt of space m which there is any 
Jirlit scatters a wavelet of amplitude 

^-fr-V(r) ( 7rrf V rf 2 

The amplitude of the resultant scattered wave will then be 
where 

y(0) = f*5HLU£v (r) r 2 dr (5) 

h* Jo pr 

Note that V (r) is the potential energy of any one of the pai tides at distance 
r from the centre of the forte p, as before, denotes in sin JO/X which m 
this case is equal to 

inmv/h sin^O 

§ 2 Scattering of a beam of charged particles by an inverse square law centre 
of force 

The wave equation can be solved exactly,f so that the amplitude and phase 
of the scattered wave are known If a stream of particles, of mass m and 
* The assumption is valid , for the scattered wave has amplitude of the order of m&gni 
tude R 1 t'jmc 1 times that of the incident wave e’/mc* is the “ radius of the electron,” 
so inside the atom the amplitude of scattered wave is much smaller than that of the incident 
waves 

t Gordon ‘Z Phymk,’ vol 48, p 180(1928) 
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charge c, fall on a point charge, of charge Q and infinite mass, then the amplitude 
of the soattered wave at unit distance is given by 

/(0) = cQ/2w»v* cosec* JO (6) 

The scattered intensity is therefore 

7, = (eQ/2rov*)* cosec * |0, 

which is Rutherford’s formula for the scattering of a stream of a particles by 
a heavy nucleus 

The formula (6) can also be obtained from equation (5) of the last section 
with V ( r ) equal to eQ/r However, it is seen at once that the integral in (5) 
does not converge, an expression of the form 



being obtained This is because the assumption that (5) involves, that the 
amplitude and phase of the wave in the field is the same as it would be m the 
absence of the field, is not strictly true , if the change m amplitude were taken 
into account, the integral would be found to converge 
In order to make the integral converge, we suppose that 
V (r) = eQ r -1 e~ ,r 

and put k equal to zero in the final result This can hardly be regarded as 
more than an artifice which gives the right answer We obtain for/(0) 

tm - g£g r Bm jg r n f -f rff - „ V 

A 2 Jo pr A 2 p 2 + ** 

Putting k = 0 this reduces to the same result as (6) The Rutherford scatter¬ 
ing formula was first obtained by this method by Wentzel * 

§ 3 Scattering of Electrons by Atoms —The problem is very similar to that 
of the scattering of X-rays by an atom The atom is, as before, treated as 
a static distribution of electric charge, of density t| i|>(r)i* at distance r from 
the nucleus It is now the electrostatic potential at any point that determines 
the amplitude of the wavelet soattered by an element of volume The electric 
intensity k (r) at any point, due to the charge, and to the nucleus, is 

* {r)== ? 

Therefore, the potential energy of an electron at distance r from the nucleus 
is given by 

V(r) = — e j* x(r)dr 
* ' Z Physlk,’ voL 40, p 680 (1930) 
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Subject, therefore, to the approximation that the wave m not much deformed 
inside the atom, the amplitude/(0) of the scattered wave is given by (B), with 
this value of V (r) 

It is useful to express /(0) in terms of the functions F(0), defined by (4), 
since these have been worked out for a great many atoms We can transform 
the integral (B) by partial integration , we obtain 


where 



(7) 


This formula is equivalent to 


/(0) = 2^:» [N “ F(0)]coHw2i0 


The formula (8) has a striking similarity to the formula (4), which gives the 
amplitude of the X-ray wave scattered in any direction The significance of 
this l»ecome8 apparent if we obtain the formula (8) by a slightly different 
method In deducing the formula (8) we considered that each element of 
volume scattered a wavelet of amplitude proportional to the potential of the 
field at that point But we can obtain the same formula by supposmg that 
each clement of volume scatters a wavelet proportional to the amount of 
charge dp that it contains Now we know from §2 the amplitude of this 
wavelet, it is not the same in all directions, but is equal to 

K -1 edp/2wm* cosec* $0 

in the direction 0 The nucleus also scatters a wave of amplitude 
Ne*/2«iv* cosec* JO 


The phase of this wave will be opposite to that of the waves scattered by the 
surrounding charge, because the oharge on the nucleus has opposite sign If 
we consider the interference of all these waves, we see that the amplitude of 
the resultant scattered wave is just (8) 

The formula (8) is, as we have stated, only approximate, it assumes that 
tho amplitude and phase of the wave inside the atom ore not very much dis¬ 
turbed We can easily see under what conditions this assumption is true 
Let ns consider any single electron of the atom , it will scatter a wave of order 
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of magnitude R" 1 If there are N electrons, and R„ be the radius of 

the atom, then the order of magnitude of the scattered wave, mside the atom, 
cannot be greater than 



times the amplitude of the incident wave If the constant (9) is very much less 
than unity, then the scattering should be given by our formula 

The formula (8) neglects, also, the effect of the polarisation of the atom by 
the incident electron The exact effect of this polarisation is not at present 
known , it seems probable, however, that if the velocity of the colliding 
electron is much greater than that of the electrons in th< atom, then the 
electron will get past without having time to polarise the atom mueh 
We conclude then that our formulae are only valid for electrons of greater 
energy than that of a K electron in the atom 
The author has compared the formula (8) with experimental data from two 
sources , the scattering of a beam of 210 volt electrons by helium gas, carried 
out by Dymond and Watson,* and the experiments on the diffraction of 20,000 
volt cathode rays by a gold foil, earned out by G P Thomson f In both cases 
the agreement between theory and expenment was within the limits of experi¬ 
mental error, although in the latter case the energy of the electrons is less 
than that of the K ring In neither case has a comparison been made for more 
than one value of the velocity of the electrons, so it is not known if the scattering 
really is a function of v sin £0 Further, m neither case do the experiments 
give a measure of the absolute scattered intensity, it has only been possible 
to compare the scattering at various angles 
It is, however, extremely probable that the formula (8) does give the correct 
absolute magnitude of the scattering For fast electrons and large angles 
it reduces to the Rutherford formula for the scattering of particles by a nucleus 
which is kuown to lie correct Therefore the formula is at any rate correct 
for the limiting case of large p 

In conclusion, we give a graph of F and E for oxygen F is a pure number , 
E has the dimensions of an area, and is plotted m arbitrary units It will be 
seen that F falls away more Bharply than E F has been worked out by 

* ‘ Roy Soo Proo A, vol 122, p 571 (1928) For comparison with theory see Mott, 
‘ Proo Camb PhiL Soc ,’ voL 25, p 304 (1929) 
t ‘ Roy Soc ProoA, vol 125, p 152 (1929) For theory see * Nature,’ vol 129, 
p 986 (1929) 
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James,* using Hartiee’s field E is calculated from the formula (7) The 
scatter* d intensity is, of course, proportional to E* per unit solid angle 


* I am much indebted to Mr Jamas foi pinvuling me with these data 
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By H S ft Massey, BA, M Sc, Trinity College, Cambridge , Aitcbmon 
Scholar, University of Melbourne 

(Communicated by It H Fowler, FRS —Received March 12, 1910 ) 


Scattering of Fail Electrons and Nuclear Magnetic Moments 
Summary —The problem of the nuclear scattering of fast electrons has boon 
considered by Mott * His method consists in using the wave equation of 
Diracf and applying the usual theory of collisions thereto The result obtained 
is not in good agreement with experiment and it is thus of interest to consider 
the possibilities of other effects In this note the effect of a nuclear magnetic 
moment is considered and shown to be negligible Thus the only explanation 
of the disagreement between theory and experiment seems to be the effect of 
radiation as suggested by Mott * 

It is convenient to consider the second order form of Dirac’s equations 


V H+^r[f-»V + gA pad-S^.* 


eh 

2nc 


<«ha-^U?]* = o 


Here E is the energy of the electron, V, A$ the scalar and vector potentials 
respectively of the field of force in which the electron moves, p t , the four rowed 
matrix 

( 0 0 1 0 \ 

0 0 0 1 \ 

1 0 0 0 /' 

0 10 0 / 


and o* a vector matrix whose components a x , a y , a t are given by 



* ‘ Roy Soc Proe ,’ A, vol 124, p 425 (1929) 
t P A M Dirao, * Roy Soc Proc ,’ A, vol 117, p 610 (1928) 
t V, A we aeeumed to be Independent of time 
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e, h, c, in have their usual significance As Born’s method of approximation* 
gives good results for the case considered by Mott (loc cit ), it will be used here 
as it is very convenient 
Write the equation (1) in the form 


w here 


V 2 + =<>, 


1**/K* 


(1) 


(■*> 


and 8 denotes the remaining t< rms Then the form of solution required is 
taken as -(■ ^2 where 

V 2 <h + = 0, (3) 

<]q thus r« presenting the incident plane wave is given to a first approxi¬ 
mation l)j , 

V 2 +2 f (4) 

so that 

Se ,t( “-"-* r dv, (5) 

where 1 lfc “* r represents the nindent wave in direction n 0 , and n is a unit 
vector in the direction of observation 
The firms in S involving sealai potentials ha\< bem evaluated by Mott 
(loc cit) so we arc concerned only with the vector potentials The portion 
of eJ/ 2 eluc to these is given bv 

i|»/ = ~ |^A grad - ^ - ii 9 curl aJ e*<— r dv (0) 

We take A — V X M,f where M is the lector magnetic moment of the 

scattering centre, = xi + [ij + (k, sa>, 1 , j, L bemg umt vcctois along the 
co-ordinate axes Then 

T A grade r e/« = J* V^XM grad e*<—'“•> r dv (7) 


* ‘ Z Physik,’ vol 38, p 803 (1820) 
f Hero X is used to denote a vector product. 
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v (f) * M • Stxl - [y !;(;)- ft | (;)]£ 

+ l fl ^(;)~ a 4(')]s (8) 

Taking the polar axis along the direction of the vector n — n 0 wo have only 
the last term in (8) to consider But it is obvious that it will contribute 
nothing to the integral as it contains trigonometric functions of hrst degree 
in the azimuthal angle <fi, le, 

3 /1\ sin 0 am /m 

siw —* (9) 

These vanish when integrating for <f> Henoe the term A grad, contributes 
nothing to the first approximation Consider now 

fa curl Ae a( "~ n ° ) T dv (10) 


curl A — v x v -) X M, 


= v(v(i). M )-v*(i) M , 

= ( 11 ) 

so 

a .curlA = |«|l(^ + a^+dYp}a,+,eto (12) 

The termB in vamsh on integration as they include cos </>, sm <f> 

respectively Consider then 

r,5G)-~'* <ij) 

Change to cylindrical co-ordinates p, z, with z axis along n — n 0 so the 
mtegral becomes 

| |* | ( gi + P*)~ 4 ex P (— *4[(1 — cos8)z— p aw 8 coe <f>]} pdzdpd<f>, (14) 

where 8, the angle between n, n 0 is the angle of scattering 
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Now 

| fip (z 2 + P®)~* exp{— tib (1 — cob 8) 2 } tlz 

+ d (i - cos 8) J" |(r + p 2 )-» 

& (1 - COS 8) 2 j" (z i + pt)-» c -«.a- c ( 15 ) 
Hence the integral (13) is 

Jfc*(l-ooBa)i[jj(* + p 2 ) -4 e xp {—ik |.(i — cos 8) z — p sin 8 cos <f>\} pdzdpd<f> 


This mtegial has been evaluated by Oppenhenner,* who gives 
— l/Pain'}*, 

so the integral (18) is simply — 4 siu s J8 and the contabutiou to 1^2 is 



and x and y being arbitrary when the z axis is chosen, so that 


n.£ 0 )^ 



-=. 2 sill* J8 


(lb) 


(17) 


( 18 ) 


Thus the total coutnbution of these terms is 

— ^ («®* +- fay — lyv.) sin 2 £8 (19) 

Th( ri manung terms m iji/ due to A 2 will be negligible as they are only a 
correction to the effect of terms of first order in A Hence 

= ( -y-^- («®» + f i<T « - 2 r®*) 8m ® P (20) 

* ‘Z Physik ’ vol 41 p 111(1927) 
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The contribution to the scattering will then bo of the order | 4 * 4 ' l*,te, of order 
irV 8 x 


Now the scattering duo to a Coulomb centre of force has been shown* to be 
given by 

ZV . . u^r . v 2 . IvPZich; cos 8 .U1 

1W - ?) L 00 ” 0 - C< ^ + IS- sq»J < 21 > 

Hence if the magnetic effect is to be of the same order 


where M is the scalar magnetic moment of the scattering centre This means 


<eh \> Z»» 
Kmc) 64 v 4 ’ 


( 22 ) 


1 e , M of the order of a Bohr magneton This is an impossibly high value for 
the magnetic moment of a nucleus so it can bo concluded that the nuclear 
magnetic forces have a negligible effect on the scattering of electrons However, 
this does not apply to scattering due to electrons themselves, for in such case 
the moment is of the order of a Bohr magneton This effect may be of impor 
tance in the scattering of fast fj-particles by matter To 1 alculatc it correctly 
requires the use of Dirac’s relativistic equations for a two electron problem 
in some such form as used by Gauntf in calculation on the helium spectrum 


* Mott, loc nl 

t * Hoy Sou l’roc A, vol 122, p 013 (1020), and ‘Phil Trans A, vol 228, p 151 
(1020) 
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Remarks on t}ie Anomalous Scattering of a-Partides from the Quantum 
Mechanical Point of V tew 

Bv If S W Massfy, BA, M Sc, Trinity College, Cambridge, Aitchison 
Scholar, University of Melbourne 

(Communicated by R H Fowler, F R S —Received March 20, 1930 ) 

§ 1 Tt has been established experimentally by Bielcr and Rutherford and 
Chadwick"' that a-purtic le st attering by light nuclei does not obey the Ruthei ford 
formulaf if the velocity of the incident particles be sufficiently large (of the 
order 2 X 10® cm per second) Bielcr showed that the scattering becomes 
less than the classical value for moderate angles (up to 70° scattering angle), 
while Rutherford and Chadwu k found that it increases again for 1 J5° scattering 
angle It is at once obvious that these results indicate a departure from the 
Coulomb law of force, and various laws have lieen invoked to explain the devia¬ 
tions Thus BielerJ showed how the inverse fourth power law was capable 
of explaining Ins results, and he found the radius of the neutral surface of the 
nucleus to be 3 44 X 10" 13 cm Hardmeicr|| used an inverse fifth power 
polarisation law and was able to explain the increase again at high velocities 
However it ih desirable to consider the validity of these calculations from 
the standpoint of the new mechanics 
§ 2 Dimensional Considerations —Consider scattering by a centre of force 
exerting a potential Fr"* This scattering will depend not only on the mass 
m, and velocity v of the incident particles, and on F, but also on Planck’s 
constant h The possible dependence on h is not taken into account m any of 
the above attempts to explain anomalous scattering Put the scattering cross 
section proportional to h‘v'm u ¥ w Then we must have the dimensional 
equation 

[/i|*W‘fmr[Ff = [LJ 2 , (1) 

and also 

[F] [L]" = [energy] (2) 

* Bieler, ‘Roy Soc Proo ,’ A, vol. 105 p 4*14 (1024), Rutherford and Chadwick, 

‘ Phil Mag vol 50, p 880 (1025) 
t Rutherford, ‘ Phil Mag ’ \ol 21, p 000(1011) 

| ‘ Proc Camb Phil Soo,’ vol 28, p 181 (1025) 

|| < PHvh Z ’ \ol 27 p 574 (1926) 

VOL CXXVII —A. 2 x 
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Therefore from (1) 

« + M + te = 0'j 

2s -f t + 2i* + mo = 2 ?, (3) 

2w» ^ 0 J 

giving 

s = 2 - nw, / =- (« - 2)ie - 2 u -= (w — 1) w - 2 (») 

If the scattering is independent of /> 


w —2 In ( r >) 

Therefore the scattering formulu includcK h for »> 2 unless we may expect 
dependence on proper fractional powers of F which is extremely improbable 
All methods of treatment consist in expansion in powers of F which is in 
general very small, in which case wo must have w^> 1 Hence it is almost 
certain that h appears m formula) representing scattering by higher power laws 
Even m the case of n — 2, w would have to be unity, and in all wave mechanical 
treatments F appears m no lowei power than the second, so in this case also 
h appears 

Now it is a g< neral rule that win n h appears exphi itly m a forniulv then* is 
little possibility of dossil al cult illations giving the < orrect icsult, but when h 
does not so appen w< expect classical formula) to hold This is cleaily illus 
trated m the scattinng by a Coulomb law of forte Here n — 1 and h ilocs 
not oct ur so wt* have the < 1 vssical Rutherford formula agreeing with that 
obtained wave mechanic dl> Ifowevei, wlini rdativity medians s is intro 
duced, wluili is equivalent to including an inverse i uhe luw of force, h appeals 
and Daiwm’s classiial foimulu* for this <ase is in no way similai to Mott’sf 
wave meehamcal formula We must then t xpect that Bieler and Haidmeier 
and Debye s theories (loc cit ) havi little significance, the classical fottnuLe 
bieakmg down entirely in the case of higher power laws 

§ 1 Smttcnny by Hnjher Power Laws and Wane Met harms We now proc eed 
to consider in more detail the eflt cts of lugher power laws fioin the point of 
view of wave mechanics Unfortunately it is not possible to carry out investi¬ 
gations in tins field with any rigoi at present, and what follows can only lie 
taken as a piobable suggestion 

The most convenient formula to use when scattering by unusual potentials 

* ‘ Phil Mag vol 25, p 201 (1913) 
t‘ Roy Sot Proo ’ A, vol 124, p 25(1929) 
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is considered is that given by Born* which is a method of successive approxi¬ 
mations To the first approximation the fraction of partules scattered m a 
direction making an angle 8 with the direction of incidence by a potential V, 
is giv< n by 

i rrr v ° Kp (nr 1, * cn< * °) s,n ° ^ ^^ i * (6) 

If V is a function of ? only this reduces to 



In general this integral diverges but by making suitable modifications m V 
it may be mule to converge This may seem high handed but it is a common 
feature of quantum theoiy that such must oft< n be done It consists formally 
in introducing a parametei e in V so as to modify the potential only sbghtly 
but such that 

Lt V (e, >) r sm ^ H in \ftjdr (8) 

is finite We shall assume that appropriate s’s may be obtained to make the 
above formula yield 1 physical ” values foi the scattering This, of course, 
is a very doubtful step and cannot be justified mathematically but must be 
done to jirooet d 

The scattering in the above case will lie proportional to F 2 Hence we have 
from (4) 

i — 2 — 2 n, t — 2« — 6, u — 2a — 4 (9) 

Hence the formula for the scattered wave amplitude, whu h is given by 
i 2 1 Amplitude| 2 — scattering cross-section, 
must be of the form 

C'A 1- *«"" 3 »w n “* 

Now, since v and sm |8 always occur together as a simple product in expression 
(7) we must have a scattered wave amplitude of the form 

C'A 1 -’* (v sin m n ~ 2 (10) 

* ‘ Z Physlk,’ voL 39, p 803 (1928) 

2x2 
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Hence if we have the potential V expanded in the senes 

(a„ constants) (11) 

the scattered wave amplitude will be of the form 

S, a,' (v sin }8)- 2 , (12) 

where the a/ are new constants Jf the leading term is that for s = 1, wlu< h 
we take as giving the classical formula, the observed mattering In such a 
potential as (11) will be given b) 

a/ 8 |(1 — S o , V - 1 sin‘- 1 ^)| 8 ( 11 ) 

wheie 

a," — a,' /aj' == a/ (r 4 /4»/ 8 t 4 sin 4 J8) -i (14) 


for a t ' 8 just gives the classical Rutherford formula If this theory is valid 
then, if the scattering is due to a sphei ically symmetrical field of force, it should 
he a film tion of v sin £8 It is easy to test this for any experimental values 
and if it is found to be the case, the powers of the additional potentials i an be 
determined Since the deviation from the classical formula becomes greater 
the greater v and sin 18, it is obvious from (11) that the only spherically sym¬ 
metrical potential function capable of giving the results is one either expansible 
m powers of 1 /r, or m a senes whose leading terms are m powers of 1 jr Thus a 
pure exponential foim of potential is of no value 
§ 4 Application to Experimental Value* —In figs 1 and 2 the ratio of observed 
to classical seattenng is plotted as a function of t> sin J8 for magnesium and 
aluminium using all the points obtained by Bieler and by Rutherfoul and 
Chadwick For magnesium it is apparent that the ratio is of the form 

C/(esm 18), 


where C is independent of v and 8 No such simplicity appears to charac tense 
the aluminium results Whether this is due to failure of the theory, the law of 
force being not spherically symmetrical, or to experimental error in the deter¬ 
minations must remain an open question for the moment However as 
magnesium does seem to satisfy the required conditions we may proceed to find 
the law of force We have from (11) 


R = 


Observed 

Classical 


= |1 - S a," if- 1 

»—2 


sm*-M8| 2 


(15) 
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If tlu pr< dominating torrn m tin expansion is foi s n tliui if wc plot R* as 
a function of i’* -1 sin" -1 we should obtain an approximate straight line 
In hg 3 tins lias bu n done foi n — i, t and r >, and it is at onci obvious that the 



Fio 3 —Illustrating relative probabilitv of different laws of force causing anomalous 
scattering in magnesium 

Scale—Foi curve I (csin 48)* x 10" 1 * (cm pci sec )’ 

1' oi rurvo II (« sin 48)* x 10 17 (cm per sec ) J 
Foi curve III (t» sin J8)« X 10-* (cm pci sec ) 4 
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last two give the best straight line We are thus led to consider the possibilities 
of the inverse fifth power law of force It is also clear from fag 3 that if we 
are to place reliance on the remaining experimental point we must introduce 
a further higher power repulsive law of force, but it is hardly allowable to draw 
such conclusions from a single point 

§ 5 DiU-rmination of Force Constant a 4 —Let us introduce a potential 


We have then to evaluate 

Jo r(r* .-/*) 

Consider the Cauchy principal value of 

) - 1191 

taken over the usual semicircular contour indented at z = 0, ± l This is 
equal to w turns the sum of tin residues at the poles 0, ± l, of the integrand 
These lcsidues arc 

— 1/P, e iri mrf £ — JmnirtutuiJ/Ay^ 

respectively, giving for the integral (19) the value 
2TT* sin 2 (2it ind sin \8jh)jL 2 

But (19) is simp]} 

4> f sin mn dr 

J 0 TIT^T) 

Therefore the required principal value of (18) is 




Making l-*0 gives tt 4 c 2 l7t 2 /rtVA"*sin i JS for the ‘physical” value of the 
integral in (7), for a law of force 


Hence o 4 ' is 

8nr 4 a 4 i’ sin JS m 2 e 
h* 

using (7) Therefore from (14) 

_ „ lGn 4 m a a 4 v®_ 

- Tm J ~ m 
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If r u is the radius of the neutral surface 

ill the nucleus 


l« 4 //■„•" = 

SO tll.lt 

W 

(21) 

/ KY' 1 


(22) 



Now fiom tag 5 wi find <t x " o |/1 r > 

Ul 27 so that 


) u _ 0 (, < ltr 13 em 

(23) 

Tins is one sixth of tin \ dut deduudb 
of force and classical mechanics Also 

v Hie lei with mvei 

se fouitli power law 
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which is vi i v iuu< h Ic^s than I lurcluic u i’s value (l<x nt ) of the polarisabllity,” 
0 1 / 10" 10 c m ' 

^ (• Conclusion - ll thus appears that if Horn’s tlieoiy of collisions urn be 
approximately applied to scatteimg bj higher powei laws of force, the 
anomalous scatteimg m suits obtained with magin sunn .no elm to a spherically 
symmetrual laid of foiec which is at lust tint of an invusi fifth or sixth 
power attiactive fence In view of the siieleh n use of scattiiing obtained at 
a e ertam point it appeals that i login i pouei icpulsive fence may be coming 
into play This is of intiiest in view of the general e xplaintion offered by 
Itutherfoid and (.'hudxvick of their itsults as due to successive shells in the 
scattering nucleus the lost attracting the x particle, the second rebelling it. 
The ladius of the neutral surface m the nngiiesnim mu lens taking the fifth 
power law w oiks out at 0 0 s I0~ 13 cm considerably smallu than the classical 
value of 5 41 * to -1-1 cm Aluminium appears to show no ngularities of 
the same type as magnesium but until fin the r experimental eluta is obtained 
the reason for (his is not cleai Despite the good lesults obtained from 
magnesium it is impossible to be e eitaiu of the validity of the above conclusions 
until veiy many more expenmental obsuvations have been made on various 
elements using angular ranges much smaller than those previously used 

In conclusion, the author wishes to thank Sir Ernest Rutherford, Dr Chad¬ 
wick and Mr R H Fowler for much discussion and the interest they have 
taken in this work 
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An Application of the Stei'n-Gerlach Experiment to the Study 
of Active Nitrogen 

By L C Jackson, M 8c , Pli D , and L F Broadway, B Sc , The LDiversity, 
Bristol 

(Communicated l>> \ 1* Chuttock, FKS — Received March 14, 1‘JJU ) 
Introduction 

Many theories have foot n put forward at one time or another to explain the 
chemical activity of active nitrogen and the mechanism of tin production 
of the yellow “ after glow ” Reunion of nitrogen atoms to foim molecules, 
metastablc molecules and interactions between atoms and molecules have 
all been drawn upon to explain the aftu glow * 

At the time the work described in the piosnit paper was commenced the 
theory holding the field was that of Sponer f According to this thcoiy two 
normal nitrogen atoms colhdc in a triple collision with a normal nitrogen 
molecule with the resultant formation of one normal mtiogen molecule and 
one excited molecule Since the carrier of the after glow is known to be an 
excited nitrogen molecule with about 115 volts energy, and since the dis¬ 
sociation energy was then believed to be 11 5 volts, the theory seemed to 
explain the energy relations of active nitrogen satisfactorily The com¬ 
parative rareness of such a tuple* collision was in agreement with the long 
hfc of the after-glow On this theory the chemical activity would be attributed 
to the nitrogen atoms (in their ground state) A support for this theory would 
have been obtained if it could have been shown that nitrogen atoms m their 
ground state, which is known to be a *3 state, are present m active nitrogen 
Later work has, however, shown that the dissociation energy of the mtrogen 
molecule is about 9 1 volts and not 11 5 volts as supposed by Sponer, and 
hence the theory cannot be valid 

IV hat now appears to be a correct explanation of all the facts lias been given 
by Cano and Kaplan % They suppose that the production of the 11 5-volt 
excited molecules of the after-glow is due to an interaction between a metastable 
molecule in the 3 2 state (8 volts) and a metastable mtrogen atom m the *P 

* For a recent summary of the active nitrogen problem, eee Kneeer ‘ Ergebniase der 
Exakten Naturwieeensohaften,’ vol 8, p 229 

t ‘ Z Phynk,’ vol 34, p 622 (1984) 

} ‘ Z Physik,’ voL 08, p 769 (1929), ‘ Nature,’ vol 121, p 906 (1928) 
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Btutc (3 5 volts) Interactions between mitastable molecules m the 3 L state 
and metastablc* atoms m tlu 2 1) state (2 4 volts) also give excited molecules 
required to < \plam the intensity distribution in the spectrum of the after-glow 
Tins specti urn is mculv that of the first positive liond group of nitrogen but 
with a distubution of intensity different from that obtained in ordinary 
nitrogen The existence of th< se 2 P and 2 D metastable states of the nitrogen 
atom is piedii ted by Hnnd’s thcoi v * and they have been found spectroscopically 
by Compton and Bovi e f who hav< verifn d that their energies are as reqiured in 
the above the or} The cheinieal activity of active nitrogen will on this view be 
due to tin metastabh atoms This the ory would, therefore, receive confirmation 
if it could bi shown that thisc metastablc mtrogi n atoms arc present in active 
nitrogen and that the) arc ehimitally activi 

Tin work dcsmbul in tin prisint papei was uudirtakin with the hope of 
furnishing definite < \ul<nee as to tin mturc of tin elnmieally active con¬ 
stituent or constituents of active nitrogen A stream of active nitrogen was 
submitted to investigation bv meins of tlu Stern Cl<rlach method using a 
chemical method for the deteition of the stream Fiorn tin tiaecs produced 
evidence was obtaund of the prcscwi of nutastable atoms of nitrogen in 
the 2 P, state No otln i iluinicall) active entities weic recorded 

Ik so iption of A p pa rat as 

Seviral different expmmcntal arrangements and methods of excitation 
were tried before any sue cess was obtained These unsuccessful attempts 
will not be desenbed but onlv the appai at us which was finally found to function 
satisfactorily 

The main part of the apparatus is show n in the hguie W ith the exception of 
the electrodes and the screen carrur, the whole was constructed of pyrex glass, 
so as to avoid any contact between the beam of active nitrogen and metal 
The nitrogen was purified by passing it from the cylinder in which it was 
contained through an alkaline solution of sodium hydrosulphite and a solution 
of potassium hydroxide A reservoir of about 1 3 litres capaeitv was filled 
with the gas to a pressure of about 6 un The nitrogen passed from this 
reservoir through a spnal of fine capillary tubing (to give a considerable pump¬ 
ing resistance) into the discharge tube at A The greater part of the gas which 
enters the discharge tube leaves it again at B, it having been found that a 

* “ Luuenspoktren und Penodisohos System der Element* ” 

f ‘ Phys Rev vol 33, p 145 (1920) See also Ingram, ‘ Phys Rev ,’ vol 34, p 421 
(1020) 
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better after-glow could lx obtained with a stream of gas larger than could 
be made to pass through the exit slit 

The discharge tube is of the type dostrilied by Johnson* in lus work on the 
reflection of hydrogen atoms from rock salt i tystals Its construction will be 
obvious from the diagram Tin muer paitof the discharge tube is wutir- 
cooled as shown to prevent these paits fiom bcoonung too hot The outei 
vertical tubes were kept cool by a current of an from an electric fan This 
type of discharge tube ensures that the activated gas is always piescut 
immediately behind the first slit and that it has not a long putb to travel 
before reaching the latter us in the apparatus used by Wredef for the detei- 
minatiou of the magnetic moment of the hydrogen atom 
A smaller part of the nitrogen passes through the fane slit S 1 This was 
made by sealing a piece of platinum foil of the required width and thickness 
into the end of a piece of pyrex tubing, sealing on a second piece of tubing to 
the first and blowing out flat the partition of glass so produced The platinum 
was then dissolved out with aqua regia Platinum was used as it gives the 

* J Franklin lostvoL 206, p 301 (1928) 
t Z Pbysik,’ vol. 41, p 060 (1927) 
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cleanest slits, quite free from bubbles or oxide By this means slits of any 
required length and width can readily be produced and tin required pumping 
resistance can be obtained by suitably choosing the thickness of wall of the 
partition The slit 3j, actually UBed had a length of 1 5-2 mm , a width of 
about 0 05 mm , and a wall thickness or length of the canal of about 1 5 mm 

The nitrogen then traversed the evacuated space, D 1( and passed through 
the second slit, S a , so producing a fine beam of atoms (or molecules) along the 
narrow tube, H This second slit was made by sealing glass jaws, on which 
a bevelled edge had been ground, on to the flat, partially closed end of a glass 
tube The sealing was done with the aid of a miniature oxygen coal gas 
blowpipe The length of the slit is dcfiiud by the diameter of the hole left 
in the partially closed end of the tube, the required width being obtained by 
placing a piece of platinum foil of the required thickness between the jaws 
durmg the sealing on process The tube having been cut off short was sealed 
into the appar,vtus as shown The dimensions of this slit in the apparatus 
as hrst used were length 2 mm , width <> 05 mm The part Dj of the apparatus 
was evacuated by a fast diffusion pump through a short length of 4 cm 
tubing shown at G x 

The narrow tube H was situated betwee n the poles of a W< iss electromagnet, 
having the usual wedge-and-slot shape of the Stern Gerlach anangement 
This tube buldid up against a brass block httid into the slotted pole-piccc 
iu such a way that the vertical diameter of the tube lay nearly in the plane 
of the pole face * 

After passing through the non homogi ncous magnetic held, tin beam was 
received on a screen N, coated with a suitable chemic 'll indicator This 
screen was placed m a holder attached ecc entru ally to a ground-joint as showm, 
so that, as in Wrede’s apparatus for the investigation of atomic hydrogen, the 
screen could be rotated, if desired, after an exposure with the magnetic held 
on, and a second with the held off, obtained on the same screen under the same 
conditions The tube H and the space 1) 2 w« re evacuated through the tube 
G a Side tubes at M x and M a served to measure the pressure in Dj and D„ 
respectively with a MacLeod gauge 

The left half of the apparatus up to and including the narrow tube H was 
first constructed, the end L of the discharge tube bung lc ft opc n The whole 
was made up with the two slits as nearly in ahgnment as could bo judged by 
eye They were then finally aligned as follows The apparatus was cut along 

* For a diagram of and reasons for this arrangement, see Leu ‘Z Physik,’ vol. 41 , 
p Ml (1927), and Wrede, ‘ Z Physik,’ vol 41, p 009 (1927) 
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the line XY and the two halves supported m retort stands A brilliant hne 
source of light was then focussed on the inside of the slit 8, through the dis¬ 
charge tube at L Then by adjusting the position of the second half of the 
apparatus which carries the knife-edge slit S 2 , it was possible to arrange that 
the light from the slit S, brilliantly illuminated the slit 8 a and that the beam of 
light also passed ai curately along the axis of the tube H The adjustment was 
found to be very critical so that the alignment could be carried out with con* 
siderabh accuracy and with relative ease The stands were then clamped in 
position and the apparatus again joined along XY, continual observation along 
the tube H ensunng that the slits were still in ahgnnu nt when the joint was 
finished 

The spae< Dj in the apparatus first employed was evacuated by m< ans of a 
(Jacde steel three-stage diffusion pump backed by a Megavac rotary oil pump 
which also served to pump out the nitrogen at B A large liquid air trap of 
low resistance and of a design similar to that described bv Johnson* was 
attached immediatel> to the ground-joint of the (Jaedc pump The space I) a 
was evacuated through a similar trap by a pan of large single-stage glass 
diffusion pumps in parallel, backed by a third two-stage diffusion pump and a 
Hyvac rotary oil pump With this pumping system and with a pressure of 
about 1/10 ram m the discharge tube, the pressures in and D 2 wire 2 — J x 
10~ 4 mm and less than 10 -5 mm respectively 

The indicator used m the present experiments was silver rntrate Pie- 
limmary trials m a separate apparatus had shown that this substance possesses 
advantages both as regards contrast and speed over the other substances winch 
undergo a colour change through the action of active nitrogen f Silver 
nitrate possesses the disadvantages of being definitely crystalline and of 
darkening slowly under the action of light Neither of these is, however, fatal 
as the surface obtained when the salt is ground as finely as possible shows up 
the details of the trace quite adequately, and as the traces were measured and 
photographed soon after a run the eventual blackening of the whole screen 
was immaterial 

The following dimensions of the apparatus may now be recorded discharge 
tube slit, 2 mm long, 0 045 mm wide, second slit, 2 mm long, 0 05 mm 

* 1 J Franklin Instvol 205, p 99 (1928) 

t Several such substances are mentioned by Wrede, though in his experiments the sub 
Ktanoes were really acted upon by atomic nitrogen Our own observations afforded a 
goneral confirmation of his statements 8ee Z Physik,’ vol 54, p 53 (1929) 
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wide , distance between slits i cm , distance from second slit to scieen 7 5 cm 
length of path in the* magnetic field 4 cm 
The apparatus was first calibrated by passing hydrogen through the discharge 
tube and so obtaining a trace for atomic hydrogen The theoretically expected 
splitting of the trace corresponds in this case to mg = ± 1 and this has been 
c onfirmed experimentally by Wrede* and by Phipps and Taylor f The traoe 
with the magnetic held on was first visible m about 20 minutes, and a com¬ 
pletely exposed trace was obtained in U hours The trace so obtained con¬ 
sisted of two cleaily separated parallel lines each rather wider than the trace 
without the held on, exactly as m the photograph repioduced by VVrede 
Measurements of this trace, width of line without field width over outside 
edgeH of lines with field, width of gap between inside edges gave the necessary 
information for evaluating anv othei trace obtained with the same current 
through the magnet and for the same position of the scieen J: 

Nitrogen was then run through the discharge tube and an attempt made to 
obtain a trace with it it was to be expected that the length of exposure 
would be much gieater than with atomic hydrogen both because active nitrogen 
is not so reactive towards silver nitrate as atomic hydrogen and because the 
percentage of activated gas (about 2 per cent with the usual methods of 
activation) is v< ry mm h less than in the case of hydrogen It was soon found 
that the exposures required with nitrogen were vety long Again, there was 
no consistency in the results of the various runs , sometimes a run would 
result in a trace being obtained and sometimes not Though runs were made 
up to lb hours’ continuous exposure, the results obtained were quite unsatis¬ 
factory Thus it was necessary to decrease the length of exposure required 
by some means It was, therefore, reluctantly decided to inert as< somewhat 
the width of the second slit 0 05 mm was already as wide as could be 
allowed when it was desired to obtain clear resolutions of thi split trace 
Widening the slit, therefore, meant scarihcing the resolution somewhat to 
speed of recording It, would, however, result in detc rmining dr finitely whether 
a molecular beam of active mtrogen can bi satisfactorily recorded under the 
conditions demanded by the experiment, and, if so, whether the entity winch is 
thus recorded possesses a magnetic moment or not Tt also be possible 

* ‘Z Physik,’ vol 41, p 500 (1027) 
t ‘Phy« Rov ’ vol 23, p 300(1327) 

t Kurt and Phipps (‘ Pliv« Rev ’ vol 34 p 13f»7 (1020) in their recent work on the 
“ Magnetic Meniont of the Oxygen Atom ” have also used atomic hydrogen to calibrate the 
apparatus 
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to interpret the trace bo obtained if it happened to correspond to certain 
particularly simple cases If a trace was obtained and could not be immedi¬ 
ately interpreted, it was our intention to return to a narrower slit and to find 
some other means of evading or successfully obtaining the long exposures 
required in the light of the experience gained This latter step was not, how¬ 
ever, found necessary as it was found that the trace finally obtained could be 
interpreted definitely though the lines were not actually resolved when developed 
to their full width. 

The second slit was, therefore, now given a width of rather more than 
0 06 mm , the other dimensions of the apparatus remaining exactly as before 
The arrangement was again calibrated with atomic hydrogen, given purposely 
only a short exposure (a visible traco could now he obtained with atomic 
hydrogen with the magnetic held on in l minutes) to ensure that the trace was 
resolved The previous calibration was satisfactorily contained Runs were 
then made with nitrogen and though the results were now moie satisfactory^ 
it was found that exposures of more than one day’s run would have to be given 
to obtain a completely developed trace To do this it was desirable to be 
able to shut down the apparatus over night and run agam the next day This 
was quite possible as far as repeating the conditions as to the pressure m the 
discharge tube, the vacuum m the rest of the apparatus and the current m the 
electromagnet, but the special low resistance mercury vapour traps did not 
permit of liquid air being maintained m them after the pumps had been shut 
off Since it was quite necessary to preveut mercury vapour from reaching 
the silver nitrate screen (which is rapidly blackened thereby), it was necessary 
to re-design the pumping system The following arrangement was, therefore, 
adopted The two parts D t and D a of the apparatus were each evacuated by 
means of a largo single-stage umbrella pattern diffusion pump using oil* as 
the working substance backed by a two-stage mercury diffusion pump with a 
mercury vapour trap of the usual pattern between them Liquid air could 
be kept on this trap indefinitely and the mercury vapour prevented from 
reaching the silver nitrate when the apparatus was shut down over night 
The oil diffusion pumps possess the advantage of requiring no trap so that 
they can be connected directly to the apparatus through a short length of 
tubing, so improving the pumping speed 

This pumping system proved quite satisfactory and the apparatus immedi¬ 
ately worked consistently with nitrogen and the time of exposure was reduoed 

• This oil was supplied by Mr Bnroh of the Metropolitan Viokera Co, Manchester, and 
hat a vapour pressure of 10' r mm at room temperature 
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somewhat further This change m the behaviour of the apparatus was to 
be attributed to the elimination of a small trace of meroury vapour which 
passed the low resistance traps and partially deactivated the beam of active 
nitrogen That a very small amount of mercury vapour did g§t past was 
shown by the fact that with the earlier form of the apparatus tho trice obtained 
with nitrogen was black, due to a developing action of tho mercury and with 
the new pumping system was brown 

Exposures were now made with the magnetic field on, and with it off 
The current through the electromagnet was always 9 amps A clearly visible, 
well-developed trace was obtained with the magnetic field off m 2-5 hours 
Exposures made with the field on, resulted in tract's which were broadened 
compared with thosp obtained in tho absence of the field, but broadened to an 
extent which corn r ponded to a splitting of the beam muoh smaller than that 
of atomic hydrogen Longer runs were, therefore, made to determine whether 
the full width of the trace had been reached or whether with a longer run the 
trace would broaden further, indicating the presence of other more deviated 
components With this object exposure s were made up to as long as 40 hours, 
but no appreciable broaduung of the tiuoe was produced It was not found 
feasible to give muc h longa c xposmes, say longer than 50 hours, as the “ back¬ 
ground ’ due to gem ral scattering then became unclean ably noticeable Since 
it was intended to investigate active nitrogen in its ordinary state in which 
it gives the w< U-known >ellow aftei glow, it was desirable to run the discharge 
tube under such conditions that an after-glow was always present The after¬ 
glow is relatively weak at the pressures at which it was found necessary to rcui 
the disohaige tube 1/10-1/5 mm, and it was found that the after-glow dis¬ 
appeared after the tube lead been iaiming for more than, say, 2 hours This 
observation is m agi cement with the known fact that no after-glow is produced 
in glass apparatus which has been thoroughly baked out, the walls becoming 
very catalytic ally ac tive and destroying one of the components required to 
produce tho after glow Herzbeig* lias shown that if a trace of hydrogen is 
introduced the after glow returns to its full intensity in such baked-out appara¬ 
tus A tiace of hydiogen, insufficient to give any record on the silver nitrate 
screen, was, therefoie, aildc d to the mtiogen dunng some of the runs The 
yellow after glow the n peisisted in parts of the clisoharge tube throughout the 
whole exposure No difference in the trace was, however, observed when the 
discharge tube was run undoi those conditions and when it was run with tho 
after-glow absent This shows that the ohemical activity of active nitrogen 
* Z Physik,' vol 4», p 87* (1028) 
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may persist in the non-glowing state as observed by several other workers * 
In view of this hydrogen was not added to the nitrogen in later exposures 

Experimental Remits and Discussion 

It was found that moderately long exposures, 12-24 hours, produced traces 
with the magnetic field on which were not resolved mto two components, and 
which had widths about 60 per cent greater than the line obtained m the 
absence of the field It was thus immediately seen that the splitting, to which 
these unresolved traces corresponded, was much smaller than that of atomic 
hydrogen, i e , mg was less than 1 As mentioned above longer exposures 
were then given, up to 40 hours, to determine whether the width of the trace 
obtained with, say, 24 hours’ exposure, really represented the whole trace 
or whether components of larger mg value, which on account of the spreading 
due to the Maxwellian distribution of velocities would require a longer exposure 
to make them visible, would be recorded The width of the trace remained 
sensibly the same for increases of exposure beyond a definite minimum 
It, therefore, seemed that the whole trace was to be accounted for by a 
single pair of components corresponding to an ing value of loss than J On 
this assumption the breadth of the unresolved trace to be expected was calcu¬ 
lated for the possible cases satisfying these conditions The calculation was 
made with the aid of the formula given by Stern,f using the data of the atomic 
hydrogen calibration It was then found that the width of the trace, whether 
it was as small os possible (lowest pressure in the discharge tube) or whether 
it was broadened somewhat by collisions (higher pressure), could be explained 
by a value of the magnetic splitting equal to mg ± 1/3 To give the 
numerical results, the width of the line in the absence of the held was in one 
instance, 0 33 mm , and with the field on, was 0 57 mm, with a probable 
error of about 5 per cent The calculated value of the width of the trace in 
the magnetic field, assuming 0 33 for the width without field, was 0 57 mm 
Although each trace was photographed it was decided not to publish 
these photographs because, on the increased scale required for reproduction, 
the gram of the silver nitrate ib shown so clearly that it confuses the details 
of the actual traces Furthermore, since the traces were brown, the photo¬ 
graphic contrast always came out less than the visual contrast, and as this 
would be emphasised m the reproductions, the figures would give a very 
poor idea of the appearance of the original traces 

* See Willey, J Chem Soc p 2831 (1927), Km*er, lor nt, pp 23fl, 261 
t ‘ Z Physik,’ vol 41. p 663 (1927) 
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A curious development phenomenon was observed with the traces obtained 
on silver nitrate with active nitrogen, m that they “ developed ” in the air 
m the dark for sevtial days after removal from the apparatus In fact unless 
an exposme of ov< r 12 horns had been given (with the held on) no trace was 
visible on removing the screen from the apparatus It soon, however, began 
to appear and continued to darken gradually for at least 3 days This phenome¬ 
non permitted a satisfactorv confirmation of the splitting ± 1/3 to be obtained 
A short exposure of about 11 hours was given with the field on No trace 
was visible on lemovmg the screen from the apparatus but, on watching the 
screen, a trace was seen to appear gradually Because of this phenomenon it 
was possible to see the trace before the components had reached their full 
width and intensity They were then seen as two very fane, clearlv resolved 
lines, which as time went on became darker and broader and finally over¬ 
lapped It was found possible to obtain a messuiement not of the actual 
separation, but of the total width across the outer edges of the lines Now 
tin calibration with hydrogen had shown that if the splitting with mtiogon 
correspondc d to mi/ — ± 1' 1 , the centres of the line's should be OH mm 
apart If now the lines were just visibly resolved the w idth of each e omponent 
could not have been more than, say, 0 12 mm in this ease The width across 
the whole trae e would thus be 0 25 mm or rather less The mean of a senes 
of measurements on traces, when just resolved, gave a width of 0 21 mm m 
excellent agreement with the above value Manv attempts were made to 
obtain photographs of the trace m the resolved condition Although photo¬ 
graphs were obtained, it was not found possible to obtain one which would 
reproduce satisfactory on account of the faintness of these traces 

The whole of the evidence obtained pointed to the fact that the entity which 
produced the trace on the silver nitrate screen had a magnetic moment such 
that the splitting was ^ I /3 and no evidence was obtained of the presence of 
atoms or molecules m other states This fortunately means that the trace, 
in spite of the components not being resolved when they had reached their 
full width, was definitely mtcrpretable 

In discussing the meaning of this result, we may hrst consider what states 
(atomic or molecular) might have been expected to have been present in the 
beam passing through the magnetic field If Sponer’s theory had been correct, 
one would have expected to obtain a trace coriesponding to the nitrogen atom 
in its ground state Since this is a 4 S state, the trace would have corresponded 
to ± 3, ± 1 Spouer s theory is, however, undoubtedly incorrect, so that one 
would not actually expect to observe this splitting The theoiy of Cano 

VOL cxxvn — a 2 T 
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and Kaplan, which requires the presence of mctastable molecules in the 3 £ 
state and metastable atoms in the 2 P and 2 I) states, gives a larger number of 
possibilities The 3 £ molecules (since a £ diatomic molecule behaves m a 
magnetic field like an S atom) would lead to a trace ± 2, 0 It is however, 
probable from available evidence that these metastable molecules are not 
chemically aitive, at any rate, to the extent of blackening silver nitrate 
The likelihood of the trace corresponding to ± 2, 0 is, therefore small The 
two types of metastabk atoms might each give rise to two traces, thus ± 2* 
± 2/3 for i P 3/ 2 , ± 1 /I for a P,, 2> ± 3, ± 9/5, ± 3/5 for *D 6/2 , ± 6/5 ± 2/5 for 
The a P state is the more important for Cano and Kaplan’s theory and 
should be present to a greater extent than 2 D The finding of a splitting ±1/1 
indicates that what registered its presence on the screen was the nitrogen atom 
m the metastable 2 P 1/t state This thus furnishes a confirmation of Cano and 
Kaplan s theory in so far as it proves the existence of atoms in the metastable 
a P state and that these atoms are chemically active 
Since there seems to be no theoretical reason why if 2 P,/ 2 is present 2 Pi/z 
should not also be present, the failure to obtain evidence of the presence of 
the latter state must presumably be attributed to the exposure being in¬ 
sufficient to record it It was calculated, however, that if the two 2 P states 
were present to equal extents, and no other state which could produce a record 
on the silver nitrate screen, the longest exposures should have been adequate 
to Bhow up the presence of the ±2/3 components at least and probably also 
the ± 2 components If, however, the a D state were also present to an extent 
less than the *P state, the exposures given might just fail to record anything 
but the 2 Pi/> state Longer exposures could not, however, be given as then the 
whole screen would have been unpleasantly darkened by general scattering 
and any fainter extensions of the trace would probably have been missed 
The fact that the 2 P metastable state was recorded whether the discharge- 
tube was run under conditions which gave the after-glow or in the glowless 
state when the walls were catalytic-ally active, indicates the correctness of the 
suggestion of Cano and Kaplan that the absence of the after-glow is due to the 
deactivation of the metastable 3 £ molecules by the w r alls of the discharge-tube 

Summary 

The Stern-Gerlach experiment has been applied to study the nature of a 
beam of active nitrogen The nitrogen was activated by means of a condensed 
electrical discharge and the presence of the beam was recorded by means of a 
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chemical indicator, silver nitrate The results obtained indicated that the 
traces produced on the silver nitrate screen were due to nitrogen atoms in the 
metastable state This observation provides a confirmation of the theory 
of Cario and Kaplan as to the nature of active nitrogen and the mechanism of 
the pioduction of the after-glow 


The Eneigy of Crystal Lattices 
Bj II Jorn-s, Trinity College, Cambridge 
(Commumoated by R H Fowler, F R S —Received March 20, 1930 ) 

Introduction 

In order to calculate the potential energy of a collection of a large number of 
atoms it is necessary to use the quantum mechanical perturbation theory 
The choice of the initial wave functions w ith which the perturbation calculation 
is to be carried out, is equivalent to deciding what model of the system shall 
be taken as the starting point * In the case of crj stale the model which involves 
the simplest assumptions is that in which the crystal is regarded initially as a 
large number of atoms in their lowest energy state, arranged in a lattice , the 
lattice constant bung great The perturbation theory is then apphed to find 
how the energy of the system changes as the atoms are brought slowly together , 
the lattice retaining its original form It is not necessarily true, however, 
that when the separation has been reduced to that actually occurring in a given 
crystal that the system of normal atoms, adiabatically brought together, will 
be identical with the crystal itself Thus, for example, Hertzberg has shown 
that the deepest state of N 2 r does not arise from the adiabatic approach of a 
normal N atom, and a normal N + ion 

When the atoms of the lattice are still well separated it is possible to calculate 
the mean first order energy using a method given by Heitler f The determinant 
of the secular equation can be reduced, as Wignor has shown, to a number of 
irreducible sub determinants to each of which corresponds a particular term 
* In a paper by J C blater, m course of publication, dealing with the cohesive forces in 
metals, the problem of finding suitable initial wave functions is considered in detail I 
have to thank the author and I)r J H Bartlett for kindly allowing me to see the 
m&nusonpt 

t ‘ Z Physik/ vol 48, p 47 (1928) 

2 Y 2 
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system, and of these, those which satisfy the exclusion principle determine 
a given total spin moment The sum of all the energies belonging to 
one-term system is then given by summing along the diagonal of the corre¬ 
sponding sub determinant This procedure, however, assumes that the 
initial wave functions form an orthogonal set In the case of a crystal the 
initial wave functions are to be taken as the product of the wave functions of 
the separate atoms, and these will only be even approximately orthogonal 
when the distance between nearest atoms is great 
Such calculations, then, give but little indication of what the potential energy 
of a crystal will really be For example, one would find that a cubic lattice of 
hydrogen atoms with no resultant spin moment would always have a very 
much lower mean energy than the same number of atoms formed in pairs , 
the distance between the two atoms of a pair being the same as that between 
two nearest neighbours of the lattice The fact that hydrogen forms a diatomic 
gas shows that this is actually not the case, and indicates that the calculation 
of the energy has been too rough It is to be remembered that liquid and solid 
hydrogen are still essentially molecular, as appears from the density The 
binding forces here arise from the van der Waal’s attractive forces between the 
molecules, which m turn probably come from polarisation effects They 
certainly do not appear from the first order perturbation interchange terms 
As a closer approximation to the actual case the perturbation calculation has 
here been carried out without assuming that the initial functions are orthogonal 
Of course, if the equation for the first order perturbation energy were actually 
solved, and the zero order functions formed, which are just linear combinations 
of the initial product functions, these would then form an orthogonal set 
The immediate result of returning the factor which expresses the non-ortho- 
gonahty of the initial functions (the S of Heitler and London’s paper) is that 
in the determinant of the secular equation the energy, for which the equation 
is to be solved, will appear m other elements than just the diagonal ones, and 
the summation along the diagonal will no longer give the sum of the roots 
Unlike Heitler’s method the method adopted here does not depend upon 
UBing the representation of the symmetric permutation group as a group of 
linear substitutions It is found sufficient to use an expression first given by 
Frobcmus* for the irreducible factor of degree / of the group determinant 
In this expression the coefficients of the variables of the group matrix are just 
functions of the characteristics Applied to the case of a crystal, taking into 
* A general account of Frobenius’ work is given by Dickson in the ‘ Ann. Math.,’ vol 
34 (1901-1903) 
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account only those integrals which involve interchanges between nearest 
neighbours, the result emeiges that the coefhcient of the interchange term m 
the expression for the mean energy decreases as the points of the lattice come 
closer together Thus the moan energy of the crystal depends to a much 
greater extent on the simple electrostatic potential energy given by the rnter- 
lapping of the Schrodmger spaci charge, and to a much less extent on the 
mterchange integral than does thi binding energy in a diatomic molecule 
For the case in which hydrogen atoms are regarded as placed in a simple 
cubic lattice, it is shown that the mean energy of the crystal is of the same order 
of magnitude as the energy of the same number of atoms forming a diatomic 
gas, instead of being much less as the simple calculation assuming orthogonal 
functions would suggest One could not expeit to get much more definite 
results so long as the interchanges between three and more nearest neighbours 
are neglected This is particularly the case with hydrogen atoms, since here, 
as there is no repulsive core, the minimum of the energy curve occurs for small 
separations of the atoms, where the approximation of considering only nearest 
neighbours begins to fail badly It is also shown that when the atoms do 
possess a closed shell lying behind the single valency electron, the potential 
energy of the crystal form always heB lower than the energy of the same number 
of atoms arranged as a diatomic gas Moreovei one sees also that in this case 
the closest distance of approach of the atoms will be greater, and the approxi¬ 
mation of considering only nearest neighbours not so serious 
§ 1 There are in * different solutions to the wave equation for a system 
comprised of 2 n widely separated hydrogi n like atoms Each function is a 

product of 2n functions the individual atoms where the upper number 

refers to the nucleus k, and the lower to the electron l The different solutions 
arise by operating on the lower numbers of SPY = II separately by the 

2n' permutations which can be made on 'in symbols The functions of zero 

order are linear combinations of these initial functions V F K v F r , etc , 



the summation being taken over all the permutations If H be the Hamiltonian 
operator, the perturbation calculation as carried out by Heitler and London 
consists m making (H — E) T Q orthogonal to each of the 2r<» functions u k 
E is the total energy of the system 

WjVp (H-E) l F Q d~ — 0 
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As H is symmetrical in all the electrons, the integrals involved become 
*Q-.P = j'*C l -.i(H-E)'I K rfT 

and the secular equation for the first order pertuibation energies is 

(1) |xQ-ip[=0 

The left-hand side of this equation is just the group determinant in the v aria bles 
of the svmmctnc group of degree In 

If ear h of the z nearest neighbours to the nucleus k be dt noted by some number 
j k which can take z values for a given /, and i Jk L is written for the distance 
between the nucleus k and the electron j k , r k }l for the distance betw een the 
electrons k and j k , and r* f* for the distance between thp nuclei k and j k , then 
putting 

»<*.*) = (71-7--A) 

one finds that the terms of (H — E)'F e which do not vanish idc nticall) can be 
written 

U-S v(k, 3k ) 

where k goes over the numbers 2n, and j k takes z values for each k of c cmrse, 
kj± j k e is the perturbation energy Lengths are measured in units of a H 
the radius of the first hydrogen orbit, and e in units of the energy corres¬ 
ponding to this orbit 

The wave functions for the separatt atoms arc taken to be normalised 
but not orthogonal, when k and l are nearest nc tghbours, 



The variables of the group determinant are 


(3) 


Defining 


(4) 


“ J US t> (k,J k ) - tj T r 2 dT 1 d^, 

*V = j { tfiv (k,J k ) - C} y, dT 2n , 

J o = (*, Jk) + (*) 4- (*) <[» (J) + (i) d~ k dz jk 
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one sees that J E can be regarded as the potential energy of two spherical charge 
distributions about two positnc illicit 1 which are neaiest neighbours, J 0 as 
the potential inergy of two elhpsoidal charge distributions occupying the same 
space, and interacting, of course, wutli the nuclei as well as In tween themselves 
Now if P be a permutation of older greater than 2 say 3, each term of r v wall 
involve integrals which can la regirded as the potential energy of two ellip¬ 
soidal < harg< distributions about two different pairs of nuclei, but with one 
nuchus common to both pairs Inti grain of this t\pi will always be much 
smaller than c,, J E or J„ except when the nuclei are \eiy i lose together The 
appioximation is made here of neglecting ill intigials txicpt the three just 
mention! d Thus, all i P aic taken to hi zeio win n 1* is of ordcr gri ater than 
2 All the variables j r for wliuh P is of order 2 must bt considered < < P 
may contain many eyclis of order 2 so long ts no s\mbol occurs twice Let 
mu h a permutation with x cycles be wutten P„, e </ Pj — ( ab)(<d ) 

ITe nee from equations (2), (3), (4) one lmds at on< c 

r 

\ + (»- a) sJ, - 4“ 

It is to be notn od that in each (use evcipt i F theie me x (: - 1) terms which 
have been omitted as they are integrals of tin foim 

j. -- j»(i ,»,)+({)+(y (;;;) a- k d- m , 

m being one of thi (; — 1) m arest ntighbouis to l other than j k This integral 
is of the same ordi r of smallness as tliosi arising from permutations of order 3, 
and is then fore to bt mgleeted in our approximation \ctually there would 
be no difficulty in retaining these terms if it wt rt woith while to do so 

The highest value which a can take is «, so that the lrridueible factor of 
degree / of the group determinant will he a homogi neous function in the 
(n -f-1) variables j F , -r P> ri It may therefore l>e written 

n (.r K -|- + P/ji, I + ?»"' c ) 

The numbers p,* p,," will, of tourse, in geneial be different for each 

factor, to each of which theie will correspond one value of the perturbation 
energy If one writes 


(6) 


=,!-! (VS + p/e-f +P/ST, 
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there follows at once by (5) 

e.w, = zJ K {nw x - (p,«5 + i(V5 2 + + 

+ Jo(Pi« + 2p,"5+ + 

or 

Forming now the mean energy for the whole term system, and writing 

o> = n u. 

one has 

(7) i = =«J, + II| (Jo-sW) 

As can he seen from its dehnition <I> is just the irreducible factor of the group 
determinant which is being considered, but now the variables are £i*. = 

instead of the x P . It remains therefore to determine 4- 4r- as a function 

4> d % 

of ^ It may be mentioned that if the integrals J x had been retained a term 
approximately (z — 1) Jjt; 1 would appear m the factor (J 0 — sJ E £) The 
effect of this would be to keep the interchange term timte as the nuclei 
approached infinitely closely together , for ordinary values of the separation it 
is unimportant 

§ 2 An expression for the irreducible factor of degree/ is as follows — 



The summation is over all X for which 

x t + 2x 2 + 4- *** + /X/ = / 

The numbers X fc are either 0 or positive integers, and 

(9) S Jt =, R S B /(R 1 R 2 R»)5*,fe, $ Kl 


Here the summation is taken over all R* as each goes separately through every 
permutation of the group / (P) is the characteristic belonging to the irreducible 
factor of degree/ and the class of which P is a member We define a function 
fa by the equation 


v ( —i) A - u ‘ + y s,\ A 

Xx'X,.! X# * \ 1 ^ 


where 

( 10 ) 


X v 4- 2X 2 4 4 -Jh—J 
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and the S’s are still given by (9), i > , they belong to the factor 0 Differ¬ 
entiating fa partiallv with respect to S A 


and condition (10) may be written 


*id h+ d 1) ]\=J- 


If X*. > 0 then all A,_ /+w = 0 foi / 


k, ho that (11) becomes 


Aid ~X 2 -)- (j — A)Aj_* —j — k, 

where all Vs including \\ are 0 or positive integers Thus 

(12) • |£~V 

when X* > 0 As <l> = fa it follows that 

dO { , IdS, 

dT = fcdT 

because when \ — 0 = 0 The tequired function may therefore be 

aZj 

written 

(18) 

$ d£ 4 ., <t>[ k dS, 

When \ = 0, S*. = / (E) — / and if one puts (</>,) { „o - p i one sees that these 
are the coefficients m the equation 

x f + pyJ - 1 + Pxr f ~- + -+ Pf ~ 0 

when this has/ roots equal to unity, i 1 the p } ure just the binomial coefficients 
(—1 )* ^) Forming now the expression 


™-i(V-'5 , U5 


one shows that F (£) — 0 for all £, i > 


are all zero Of course, both and aro functions of c, and the vanishing 

<b 
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of F (<•) identically does not imply that the summand vanishes for each 
value of k One obtains in this way the simple formula for the required function 

<i5) 

® <«• ,_,» t d% 

From the expression giving S fc one sees that (11) can readily be obtained m 
ascending powers of c-, the coefficients being functions of the characteristics 
which are easily calculable 

The derivatives of F at Z — 0 can be shown to vanish by employing equation 
(12) to carry out the differentiation , and then as when Z = 0 <f> k becomes just 
the binomial coefficient p k each F tn| (0) can be obtained It is convenient 
first to consider the following c xprcssion in which g (k) is a function of the 
number A, not of Z 


s gil) 






I dZ 

+ & ^<r(i)£ 

*-i <p, i=i 


h i d\ 


Also 


idSi' 


fl — ^i/(P)> V being the number of considered permutations 

of class F Using the properties of the binomial coefficients it follows at once 
that 


(16) Mm = 


/-i 


?(*-) + s ^c/(/-(i) 
Taking special values of g ( k) one has the following results 
(17) 


(18) 


(19) 




It is easy to see that this type of relation is general and will hold for any number 
of factors (k — 1) (k — 1) (k — 3) less than / 

For the first derivative of F one has 


d$ 1-1 dZ \ if >k dZ k Zt 1 h Vf I k dz l 
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SmCG Q §) ( „o 13 lnde P endent of i the first term for 5 = 0 vanishes by (17) 
and clearly the sec ond b rm also is /ero when 5 — 0 Therefore \ = 0 

c/5 i £«-0 

For the second derivative one has 
_ p" (p) _ v, jL.(it ±\i 'Jflk i 2 v iLi if-* \1 

™ * i 4 > f !kdi + 2 r-uii { ^rkw i 


, N (*/-> P/-A1A 
*-« ^ is Ps I l d 5 3 


When - — 0 the last term vanishes Also a 


( 2 °) 2 ^ A p./( I> -) I A(A— 1) ( 1 / (l\IY 

the first term of the second member vanishes by (17), and the second term by 
(18) The first term is 


i-ici^ 2 ' <f> } ) k dl 


d 1 <IS L rZS, ' '~ l <f>,_ L ~ t 1 

*tn-irf5V is h *.hm is k Idgdt 

_ n v ^ /= *\ _1_ rfHi 

it, ,r, c/5\ fa i>j Ik l dl dl 

_ v v ^t-» 1 dS* 

it! it, ft k IdZ 2 dl 


When 5 — 0 the third term of this expression vanishes by (17) whilst the first 
term is apart from a constant factor 


'£'2± (£=*=*)- 
it, i_, </5^ < h ) 


(k-l) 


J. {itf\ 
dV iff 


which vanishes when 5 — 0 by (18) The second and fourth terms do not 
vanish individually, but reduce to the same value and caned each other 
Noticing that 

(21) £ Vt±(k-\){L-i) (k — r) ( — 1) ,+l d 

*-i pj 

for r </, and using (20) it is easy to reduce both to 

2Ar,/ (P f ) A Pl /(P,) - Ar, / (P,) £/ (Pi P' 1 ) 

Thus one show s that F" (0) — 0, and as can easily be seen the same process 
may be applied to other derivatives, when it will be found that the third and 
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higher ones also vanish As it is in any case only possible to obtain the first 
few powers of \ in ^ — it would be no essential advantage to prove rigorously 
that every derivative of F (<;) vanishes at l — 0 
§ 3 To find the coefficients of the powers of £ in ^ — according to equation 

(15) one has first to express dS*/d£ in ascending powers of \ is given ui 
equation (9) and remembering that £iv — where a* is the number of 
cycles of order 2, no symbol in the whole permutation being repeated 

(22) ^(4 k ,5 r , 5 m > =<«! + «,+ +*»)5*' +a ‘ 4 ' '“~ 1 

The r lh power of $ in S* is the one for which 

*i + + +«*=>•+], 

and the coefficient of 5 r will be obtained by considering the ways in which this 
can be satisfied To obtain the coefficient of i;* will be a sufficient illustration 

tt i 4* a » + + = 3 

This may be satisfied m k ways in which one a = 5 m - - yP ^ ways in which 
a A = 2, a ( = 1 so that a* > a, when k < l and again in —ways so 
that oq < <xi when k < l, and finally in — ~ ' g wa y s m "hich 

= <*m =•= 1 the rest being zero The coefficient of £ 2 in rfS t /di- is 
therefore 

(23) dk E X (P,) + $k(L~ 1) S x (P 4 Pi) + }h (k - 1) 2/(P,P t ) 

+ — 2) £, (PjPj'P,") 

the summations being over all permissible values of each permutation indicated 
The prime is used to distinguish different permutations of the same class 
The permutations arising from the products P^Pj may be of three different 
classes, viz , (ab) (cd) (ef), (abc) (de), (abed) There will, however, be the same 
number of each class given by PjP 2 as by P 2 Pj, so that although frequently 
PjPj PjPj the second and third terms of (23) are equal 
Multiplying (23) by -j- the summation over all k is carried out at once 

k Pf 
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by (21) and one has hnally (the other coeflhcients being obtained in a similar 
manner) 

Jp ~ a ° P «*? + «»? + 

where 

«o = S/(P,) 

«x = £Lf (P 2 )-1/(P 1 P 1 ') 

«, -= 31/ (P,) - 11/ (P,P 2 ) |- 1/ (PjP/P,") 

«3 iV (P 4 ) - 41/ (P x p 3 ) - 21/ (P S P,') + 41/ (P.P,1V) 

-s / (p 1 p l 'prp n 

As a special cast one ma\ put - = 0 whtn 

i _ z,i 3 r i Z j , (L\) J 0 

winch is just Heitler s result applied to a crystal lattice then being just zn 
values of P t 

One has now to consult i the values of these coefficients when the 2n atoms 
form a special type of lattice The only case considered is that of a simple 
cubic lattice for which 2 — 6 Although one still writes s for clarity it is to 
be remembered that the following expressions are obtained just for this value 
of z The number of pci mutations of a given < lass R is wnttc n h R , so that 

(25) a o ~ hi t / (Pi) 

It is convenient to ha\ e diffc rent letters for the different classes of permutations 
consisting of a single cycle Thus one may put 

Q- (ubc), R — (abed), $ = (abcJt), 

then one can write 

p S / (PA') - h Vl , (E) + Aqx(Q) + 2Ap,/ (P 2 ) 

The 2 occurs m the last term because each P 2 arises twiu from the products 
PjP*' There follows also an equation between the h’s 

(26) /ip, 2 = 2Ap, + l>n + Ap, 

Thus 

(27) «i = — {Ap,X(E) + hq/ (Q)} 

The determination of the other coefficients is a little more difficult First 
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Therefore 


(28) a, = 3 2 / (P 3 ) - S X (PA) + 2 X (QP,) + V/ (Pi) 


For each value of P 2 there are two P t such that P 2 P l — Pj' Thus 2 / (P 2 Pi) 
gives 2Ap, values of / (P 1 ) For each possiblo Q there are two P x so that 
QPj — Pj' Hence 2 / (QPj) gives 2 Aq values of Z (P x ) Altogether, therefore, 
a 2 contains (— 2Ap, + 2 Aq + A r , a ) values of / (P x ) Now the permutations 
P a fall into three different types which must be treated separately They are 
written T 1( T 2 , T 3 , and are defined by T x == (ab) (cd) where a and c, b and d are 
nearest neighbours T 2 — (ab) (cd) where only a and c are nearest neighbours, 
and for T 3 neither a and c nor b and d are nearest neighbours It is then easy 
to see that 2 / (P 2 Pi) contains (2Ax, + At,) values of z (R) Also one finds that 
there are (3 z — 4) values of P x which make QP t = R so that 2y (QP X ) contams 
just (3« — 4) Aq of x (P) AH terms involving At,, Ap,, etc , so that higher 
powers of n than the first occur cancel each other This is readily verified in 
the coefficients up to « 3 which are given here, end clearly must always be the 


case, otherwise — — would depend on a higher power of « than the first which 
physically is absurd Using the expressions given and equation (28) 


(29) a 2 * (4A„ + Ap.) x (Pi) + {(3z - 4) A Q - (2 At, + At,)} y (R) 


In the same way one can show that 

(10) a a = - {2A(j + A P ,} / (E) - {(42 - 1)A Q + 8A T , + 4A r ,} y (Q) 


and 


(31) 


- {(32 - 1) (2 - 2) A Q - 8 (2 - 2) At, - 2 (22 - 3) At,} x (S) 
Ap, — M2, 

Aq = 2 (2 — 1) nz, 

At, = } (2 — 2) nz, 

, At. = (z* -32 + 3) nz 


The characteristics are readily calculated by Schur’s method described by 
Heitler, and one finds that for the term system corresponding to no total 
resultant spm moment, and for large values of n so that only the highest powers 
need be considered 


X(E)=/, x(Pi ) = */, X(Q> = */, /(») = */, X(9) = tV / 
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Hence 

f « 0 - w. 

I «i = — i( z + 1 )« 2 / 

1 a 2 -U^ + l2z - n)«5/, 

l F 22s*-72-8) ns/ 

These values, as has already been said, will only lx actually true for a simple 
cubic lattice In this case the coe&cient of the interchange integral in the 
expression for the mean energy of the crystal is shown as a function of t; m 
hg 1 The dotted line is merely a possible extiapolation 

0 5 


04 

i 

4> <*4 
0 3 


0 2 


0 1 



1 ri<J> 

Fio 1 —Curve showing . as a fun< tion of \ 


As a special case which provides a check on the calculations the case of a 
system of 2n hydrogen atoms taken in pairs may r lie considered From Heitlcr 
and London’s calculation the mean energy over the/ states must lx* of the form 


m being some integer less than n When the mean energy is put in the form 
of equation (7) one finds that the coefficient of (J 0 — J E i;) is 

= (n - 2m) - nl + (« - 2m) <;* - + 
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The values of the coefficients a 0 , a v etc , are easily calculated when each atom 
has only one nearest neighbour One finds 

lll/O i ~ ! 1 rQ *"ll 

/$ ' + 

When »/i — «/4 the two expressions become identical One could not say 
a pnot i what value m should have The mean it is to be noticed is taken over 
/—2»»/n , (n +1)! states of the system 

The application to a system of hydrogen atoms plated at the points of a 
simple cubic lattice is shown in fig 2 Curve (L) gives the electrostatic potential 



Fig 2 —The curves refer to a collection of hydrogen atoms arranged in a simple cubio 

lattice (2) is the intei change term (3) the interchange term times ^ ~ (1) is the 

<P at, 

contribution to the energy from the purely electrostatic attractions (6) gives the 
energy of the lattioe taking \ into account, it is only approximate as the lower part 
of (3) depends on an extrapolation of the curve in fig 1 (4) the energy of the lattice 

v hen $ is assumed zero 


energy of the mterlappmg space changt s, (2) is the interchange term assuming 
orthogonal initial functions, (3) the interchange term taking £ into account 
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The lowest energy state of the same number of atoms as a diatomic gas will 
be approximately one-third of the value of the minimum of curve (4) The 
energy of the crystal form is given by (5) and one sees that the minimum of this 
is still lower than that of the lowest gaseous state, though not nearly so deep 
as when the non-orthogonality of the initial wave functions is entirely neglected 
To get a closer approximation one would have to consider other interchange 
integrals than just those arising between pairs of nearest neighbours 

If there exists a closed shell behind the single valency electron, it does not 
reduce the value of J B , but very greatly reduces the value of the interchange 
integral The curves (2) and (3) would then fore have smaller gradients, and the 
ratio of the minimum of (4) to that of (’i) would be less on account of the J K curve 
remaining the same As the energy of the gaseous, i e , the diatomic, state 
is determined by (1). being very nearly one third of this it is seen that the 
presence of an inert gas-like shell, by reducing the importance of the interchange 
integral, results in giving the crystal configuration a deeper energy minimum 
relative to that of the molecular state than is the case for hydrogen atoms 

T wish to express my thanks to Mr R H Fowler for his valuable suggestions, 
and stimulating encouragement during the course of this work 
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The Geographical Representation of the Mountains of Tibet 
By Colonel Sir Sidney Bukrard, K C S I , F R 8 
(Received March 18, 1930 ) 

Tibet is the great protuberance of the Earth’s surface, and many branches 
of science rely upon geographers for the accurate representation of its features 
The most definite features of mountain masses are the high peaks, and the 
determination of their positions is the first geographical step As the area of 
Tibet exceeds a million square miles, it has liein necessary to classify its 
myriads of peaks, and the method of classification adopted has been to group 
the peaks according to the mountain ranges upon which they stand Geo¬ 
graphers have utilised the ranges as their basis of classification, and geologists 
have relied upon the curvatures of the ranges m their consideration of the 
pressures which have caused the uplift of the continent of Asia By “ ranges ” 
we mean features of original structure, a line of mountains that has been 
carved by rivers out of an older mass we call a ‘ ndge ” 

The southern wall of Tibet is the range of the Himalaya which separates it 
from India The northern wall is the Kuen-Lun range which separates it 
from Turkestan Between these two border ranges the Karakoram forms the 
central backbone which is the second highest range of mountains upon the 
earth The width of each of these ranges is of the order of 100 miles In 
this paper I am considering the form and the alignment of the Karakoram 
range, and I will divide this consideration into three sections (1) The align 
ment, (2) the northern slopes, (3) the southern slopes 

(a) The Karakoram Alignment across Western Tibet (1865) 

(See Map I) 

The alignment of this range has proved more difficult than that of the 
Himalaya The latter rise out of the low lying plains of India and are so 
conspicuous that all other features are dwarfed But the Karakoram rise 
from a plateau, where the ground-level is 16,000 feet high, and only the highest 
features emerge above the surface of the table-land In tracing the course 
of Buch a range we have to rely upon three classes of observation ( 1 ) altitude , 
(u) the bnes of drainage , (m) the continuity of the curvilinear alignment 
The mam features of the Karakoram were determined m 1855-1865 by 
Colonel Montgomerie’s surveys, and are shown here in map I The crest-line 
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of high peaks extends from A on the map to E, a length of 170 miles The 
peaks are named as follows — 

A—group of 4 Hunza-Kunji peaks, 3 of which exceed 25,000 feet 

B—group of 3 Kunjut peaks, one of which exceeds 25 000 feet 

C—the peak of K2, the second highest point on the globe, height 28,250 
feet 

D—Teram Kangri peak, height 24,430 feet (discovered 1909) 

E—peak near the Rimo glacier, 21,320 feet (discovered 1914) 

From F to G, a length of 110 miles there is another line of peaks somewhat 
lower, and 20 miles distant from the higher crest-line The probable explana 
tion of this parallel line is that the original summit was a wide flat topped 
zone A difference noticeable between the Himalayan and Karakoram maps 
is that the glaciers of the former tend to flow m directions transverse to the 
range, whilst those of the latter have formed longitudinal beds This difference 
is probably due to the original formations of the summits 

The watershed between the drainage basins of the Indus ind Yarkand rivers 
is shown on map I by a dotted line This is the Central \sian divide , for a 
length of 140 miles it coincides with the Karakoram crest but on the west and 
on the east, in Hunza and Depsang the feeders of the Indus have cut back 
and have caused the watershed to recede behind the crest to a distance of 40 
miles on the west, and of 20 miles on the east in Depsang 

From A to E the crest line is so lofty that from longitude 74° to 77° the 
alignment is not open to doubt, but east of the Rimo peak at E the following 
changes in the topography occur together 

(1) The crest-line decreases in height, and peaks of 23,000 feet are no longer 

seen 

(2) Owing to the rainfall on the southern slopes being heavier than on the 

northern, the Upper Shyok river has been able to cut back through the 
range and to capture a small diamage an a, Depsang, from the Yarkand 
river 

(3) East of the Shyok river the rainfall almost ceases, and the river is 
replaced by inland lakes The Central Asian divide gives place here 
to the inland basin of Tibet The erosion by glaciers and rivers which 
has given to the Karakoram range its sharp and rugged character also 
ceases, and in the dry climate of Tibet the decomposition of rock fills 
the hollows with sand and gives to the mountains a rounded 
appearance 
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( b) The Prolongation of the Alignment into Central Tibet (1874 to 1909) 

In 1870 the opinion held by Colonel Montgomerie was that from longitude 
74° to 77° the range was aligned as shown in map I, and that near longitude 
78° the range was cut across by the gorge of the Shyok river, and that its 
easterly prolongation was not known In 1874 the survey sent the pundit 
Nam Singh to explore Central Tibet, but his explorations were begun 
south east of Montgomerie’s surveys, and no connection was established 



between the two Nam Singh’s route lay to the east of map I, in latitude 
32° , he was impressed by the high snowy range he saw to his south This 
range was 120 miles north of a range known as “ the Kailas,” which had been 
fixed by earlier explorers, 1846-1860 (Many years later, 1904-6, Ryder and 
Wood made a survey of the Tsangpo nver in southern Tibet and observed 
peaks on the Kailas range botween latitude 29° and 30° ) The view adopted 
by the Survey, 1878 to 1880, was that Nam Singh's range was probably the 
easterly contmuation of the Karakoram The possibility of such a con¬ 
tinuation was faintly indicated in the map of the Mountains of India, prepared 
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lor the House of Commons, 1880 Up to 1908, however, the range lines were 
broken on charts to show that their continuity was hypothetical 
In 1900 Sven Hedin published the results of his explorations in Tibet, 1906 
to 1908 He had explored the whole country between Nam Singh's range and 



Map II —The alignment of the Karakoiam range as shown in 1928 


the Kailas range, and he had discovered that these two apparent ranges were 
the north and south borders of one great range, over 100 miles wide This 
immense range was called by Sven Hedin the Trans Himalaya He showed 
that the Trans-Himalaya embraced the range, known to the Survey as the 
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“ Kailas ” In his book published in 1909 Sven Hedm also showed that 
the prolongation of the Karakoram range through Central Tibet was 2° 
further north than had been thought On the north his explorations fitted 
in with those of Deasy and Rawlrng The straightening of the eastern 
prolongation of the Karakoram range by Sven Hedm enables us with 
confidence now to continue the alignment of this range to the eastern limit 
of map I 

(c) Recent Confirmations of Montgomerie’s Alignment (1908 to 1922) 

In 1909 Dr Longstaff explored the Karakoram crest, near the point D 
on map I he found that a bay in the watershed, 30 miles across, had arisen 
from an error in the original survey of the Siachen glacier By this discovery 
Longstaff straightened out the watershed, and showed that it conformed to 
the crest line Also by his further discovery of the peak of Teram Kangri he 
proved that the high crest-line was continuing on the same alignment, as it 
had followed from Hunza to Gasherbrum 
Since 1914 the surveys of de Filippi and Wood* have given additional 
confirmation to the correctness of the accepted alignment Their maps of 
the Karakoram watershed (well known in geography from the Karakoram 
pass that crosses it) shows that this watershed is a “ ridge ” carved out of the 
northern slopes of the Karakoram range 

(d) The New Alignment advocated in 1928 
In 1928 a Report on the “ Exploration of the Shaksgam Valley ” by Major 
Mason was published by the Geodetic Branch Office of the Survey of India 
In this report the alignment of the Karakoram range, as described m this 
paper and as illustrated m map I, has been altered Map II of this paper is a 
copy of the map given in the report to illustrate the new alignment The two 
maps can be compared, as the high crest-line on map I can also be seen on 
map II running from the point marked K2(28) to the Rimo glacier (across 
three of the new alignments), the Karakoram pass is also shown on both 
maps I had to draw map I on a smaller scale than map II, because it was 
necessary to embrace a larger area in order to test the results of the new changes 
Major Mason has complicated map II by introducing many ranges, where his 
predecessors had shown only one The high orest-lme in map I trends from 
W N W to E S E , the range-lines of map II trend from N W to S E The 
change m direction amounts to 20°, and m order to illustrate its effects I have 
* Colonel Wood worked with the de Filippi expedition, 1913-14 
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drawn on map I one of Mason’s new lines and marked it M-M This line on 
map I enables the proposed change m the Karakoram alignment to be appre¬ 
ciated Major Mason’s several range lines are more or less parallel, and the 
range which 1 have copied from map II into map I is that which runs from 
Aghil Depsang to Depsang Major Mason, referring to the old alignment 
which had been adopted by his predecessors in consultations with geologists, 
writes as follows “ The Karakoram range has been allowed to tut across the 
mountains that I have shown as belonging to the Aghil cham ” And he goes 
on to say that his “ conception of the Aghil chain must necessarily change 
all this ” 

The Survej or-General (Brigadier E A Tandy) expressed his approval of 
map II m the preface which he contributed to the report He drew attention 
to the special interest attaching to “ the great divide between the drainage of 
Central Asia and the Indian Ocean,” and h< added that “ the interesting 
character of the drainage < an best be studied ” from map II A study of 
map II shows that five of the new ranges ha\o been made to intersect the 
“ great divide,” as if drainage was independent of altitude On map II the 
Karakoram pass, which is on the great divide, si ems to be standing on nothing 

My objections to Major Mason’s alignments may be summarised as follows 

(1) His mountain ranges have no relation to the drainage 

(2) His ranges are shown cutting across the high Karakoram crest line 

which is the dominant feature of the region 

(3) His alignments if prolonged beyond the western and eastern borders 
of his map II become further and further removed from the real Kara¬ 
koram range 

The map showing Mason’s new alignments has been given wide publicity 
I take this opportunity of advising geologists and meteorologists and all who 
are interested m small-scale maps to consider the questions at issue before 
they accept the new geographical representations 

(e) The Northern Slopes of the Karakoram 

Between 1890 and 1900 the idea came to be held that a separate range, 
the Aghil range, was standing north of the Karakoram, between the latter 
and the Kuen-Lun There were grounds for believing that high mountains 
were standing there The possibility of an Aghil range was occasionally 
indicated on maps, but without further surveys it was known to be hypothetical 
In 1914 Colonel Wood made a survey of the Central Asian divide and of a 
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considerable area beyond His map showed that there was no Aghil range 
The ground level is high and rugged, but not more so than is to be expected, 
when we consider that it is the flank of the second highest mountain chain in 
the world The general slope of the ground is downwards from the Karakoram 
crest to the Yarkand river, and this is an indication that the whole area was 
involved in the crustal fold which raised the Karakoram Not only does the 
ground slope gradually downwards, but its highest points, a few of 22,000 feet 
and one of 23,000, occur immediately opposite that section of the Karakoram 
orest in which the greatest altitudes have been observed The ranges of 
Tibet are the governing lines of the plateau, and it appears from Wood’s and 
Mason’s surveys that there is no such governing line in the Aghil area The 
evidence furnished by the drainage leads to the same conclusion, for thf 
feeders of the Yarkand and Karakash rivers flow straight away from the main 
divide without encountering any serious obstacle 

The interesting problem of the Aghil area is the deep trough of the Shaksgam 
river, it was discovered by Sir Francis Younghusband in 1887 That this 
trough owes its origin to the glaciers of the Karakoram seems beyond doubt, 
for it only exists, as a trough, below that section of the range (from C to D 
on map I) where the altitude of the range is greatest The drop from the crest 
to the trough is abnormally steep, but it cannot be said to be unique , there 
is an equally steep drop behind the Himalayan peak of Dhaulagiri, and there 
may be other similar instances 

The “ Karakoram pass ” has had an important place in geography It is 
the only feature of the country that has been well known for centimes to the 
travelling population of Ladak and Turkestan, and it has been a landmark 
in modern geography From 1865 to 1880 the opimon held by the Survey 
of India was that the Karakoram pass was situated north of the mountain 
crest upon a minor ridge, to which the Shyok river had been able to cut its 
way from the south From 1890 to 1900, when the existence of an Aghil 
range in rear of the Karakoram was considered probable, an idea grew up 
that the Shyok river might have cut back into the trough between the two 
ranges This idea was conjectural and had been borrowed from the Himalayan 
analogy , a trough exists behind Mount Everest and Dhaulagiri, into which the 
rivers draining the front Himalayan slopes have been able to cut back The 
publication of de Fihppi’s and Wood’s surveys has taught us that no trough 
exists behind the Karakoram Their maps showed that the Karakoram pass 
is situated on a ndge in rear of the crest-line, and that this ndgo has probably 
been carved by the Shyok tributaries out of the massive flank of the range 
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An interesting confirmation of this view is to be obtained also from de Filippi’s 
map* , he shows that the Rimo glacier is situated upon the great divide, so 
that on one side it is feeding the Yarkand river and on the other it is feeding 
the Indus The idea is thereby suggested that the watershed is receding 
northwards, and that in its recession it has robbed the Yarkand river of a part 
of the Rimo glacier, and that it will in time rob it of all 

(/) The Southern Slopet of the Karakoram 
The southern slopes present more difficult problems than the northern 
Not only does the great range of southern Tibet come into contact with the 
Karakoram range, but there are two isolated masses surmounted with high 
peaks, marked upon map I as S and H, whuh cannot be allotted with certainty 
to either of the two ranges The Kailas range is the prominent feature of 
Southern Tibet from east to west, its position is shown on map I near the 
south-east corner Sven Hedrn describes this range as it traverses Central 
Tibet as follows “ It is 1400 miles long, in breadth it is inferior to the 
Himalaya, and its poaks are lower, but the height of its passes are greater 
than those of the Himalaya On the north and south its boundaries are 
sharply defined ” Nam Singh observed its northern boundary, Ryder and 
Wood surveyed its southern flank from the Tsangpo 
On map I the Karakoram and Kailas ranges are seen to be converging towards 
one another, as they trend westwards As far as we can judge from surface 
observations, these two ranges must be in actual contact when they reach the 
Upper Shyok river (longitude 78°) What happens to them when they meet 
cannot be discovered without geological investigations Along the bne of 
their contact we see the two high isolated ridges, the Sasir and the Haramush, 
marked S and H , such isolated masses, 26,000 feet high, are abnormal in that 
they do not occur in the Himalaya so far from the crest-line There are 
reasons for thinking that there is an interrelation between the two ranges and 
the two isolated masses , the Sasir mass, S, rises out of the flank of the Kara¬ 
koram range where the latter comes into contact with the Kailas , so long as 
the two ranges remain in actual contact, the Karakoram attains an altitude 
considerably higher than anywhere else Finally when the two ranges again 
separate, as they appear to do in Hunza (longitude 75°) the Karakoram declines 
m altitude whilst the second isolated mass, known as Haramush ridge, H, 
rises bke the Sasir mass out of the flank of the range 

* 4 Spedizione Italiana de Fihppi,’ s«r 2, vol IV, pi XT 
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Geographical surveyors have to draw their conclusions from observations 
of the Earth’s surface The valuable testimony of the rocks out of which the 
mountains have been built is not available But the geological results of the 
de Filippi expedition will shortly be pubhshed The requirements of nomen¬ 
clature occasionally lead geographers into the regions of hypothesis, m the 
course of the long Karakoram investigation the hypothesis was at one time 
adopted that Nam Singh's range was the easterly prolongation of the Kara¬ 
koram, but this was afterwards shown to be wrong Such an hypothesis 
serves, however, a temporary purpose, in that it shows the way for future 
research 

When two great earth-folds like the Karakoram and Kailas come into con¬ 
tact and become temporarily merged, it is not possible from surface observa¬ 
tions to discover exactly what has happened But the necessities of classi¬ 
fication and of nomenclature have been pressmg the Survey to include the two 
isolated mountain masses, Sasir and Haramush, in their system of ranges, 
and to allot them either to the Karakoram as spurs, or to the Kailas as high 
points of its crest-line But any such steps, though in some ways helpful and 
suggestive to future surveyors, are merely hypotheses Our inability to 
understand the complexities of the orography should not, however, lead us 
to minimise the great amount of geographical knowledge that has been built 
up during the last 100 years, or to forget the debts that we shall always owe 
to the self-sacrifice of the geographical explorers 
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HENRY JOHN HORSTMAN FENTON-1854-1929 

Henry John Horstman Fenton was bom at Ealing in 1854 He received 
his earlier education at Magdalen College School, Oxford, and afterwards went 
to King’s College, London, where he studied chemistry under Bloxam During 
the time that Fenton was at King’s College the Clothworkers’ Company 
instituted an exhibition in physical science tenable for three years by a non- 
collegiate student at Cambridge Fenton applied successfully for this 
exhibition and, m accordance with its conditions, entered the University of 
Cambridge in the Lent Term, 1875 In his first year at Cambridge he gained 
an entrance scholarship at Christ’s College, where he was admitted m May, 
1876 He was then 22 and thus older than the majority of undergraduates 
His chemical knowledge and experience were also greatly in advance of those 
of men of the same university standing, and while still an undergraduate he 
was made an assistant di monstrator by Prof Liveing He had a very inde¬ 
pendent spirit, and it was therefore perhaps not unnatural that he chafed at 
the discipline then imposed on members of the Unm rsity m statu pupiUan 
and not infrequently came into conflict with University and College authorities 
In fact, to the end he cherished a certain antagomstic attitude towards uni¬ 
versity authority He took the Natural Sciences Tripos in 1877—it was at that 
time not divided into two parts —and was placed in the First Class along with, 
amongst others, Adam Sedgwuk, the zoologist, F 0 Bowen, afterwards 
Professor of Botany at Glasgow, and Alex Hill sometime Master of Downing 

On the resignation of the then University Demonstrator of Chemistry, 
John Wale Hicks, of Sidney Sussex, afterwards Bishop of Bloemfontein, W J 
Sell was appointed to succeed him, and an Additional Demonstratorship of 
Chemistry ” was instituted by the University and the post was assigned to 
Fenton 

The University Department of Chemistry was then accommodated in a 
building, since removed, which stood on the southern part of the east side of 
the Old Botanic Garden site and afterwards served as part of the Pathological 
Laboratory 

Several of the colleges had their own chemical laboratories and these were 
run m competition with the University laboratory This competition con¬ 
tinued for many years after the erection in 1887 of the new University Chemical 
Laboratory facing Pembroke Street, though m an ever-lesscmng degree as the 
college laboratories one by one were given up The greater part of the 
teaching in the University Laboratory was carried on by Sell and Fenton, and 
in spite of their different temperaments the two men worked together in 
harmony until their association was terminated by the death of Sell in 1915 

b 2 
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Fenton’s lectures were for many years an outstanding feature in the instruc¬ 
tion given m the University Laboratory He took immense pains m their 
preparation and although in lecturing he affected an air of indifference and a 
somewhat indolent manner, actually he delivered them with very great care, 
and he was extraordinarily successful in stimulating the interest of the abler 
men He scrupulously avoided dogmatism He endeavoured, so far as 
possible, to present each subject as a debatable question on which there were 
diverse views to be discussed, to balance the evidence for and against every 
inference and to induce his hearers to use their own judgment and draw their 
own conclusions The value of his lectures was greatly enhanced by the informal 
discussions which he encouraged , at the close of every lecture a number of 
eager young men would come down to the lecture table and engage with him m 
a discussion, often prolonged, of the subjects in which he had aroused their 
interest Those who brought their difficulties to him found him unexpectedly 
sympathetic, and he would deal exceedingly gently with one who asked a 
thoughtless or an ill-considered question 
The course of experimental work in general and physical chemistry which he 
devised to illustrate his lectures was very carefully thought out, and during 
the eighties, and even later, the type of laboratory work being done by his 
class was probably unique Although his chief interest always seemed to lie 
in general and physical chemistry, the greater part of his original work was 
earned out in organic chemistry His earlier work consisted of a senes of 
investigations on the action of hypochlorites on urea and related compounds 
A pupil of his (Mr Street), wishing to estimate urea, happened to use, instead 
of sodium hypobromite, a strongly alkaline solution of sodium hypochlonte 
and found that only half the expected quantity of nitrogen was evolved Fenton 
followed up this observation and discovered that the missing half of the 
nitrogen was present m the solution as sodium cyanate He gave an 
explanation of the phenomenon a few years later At the same meeting of 
the Chemical Society (June 20, 1895) at which Walker and Hambly com¬ 
municated their well-known experiments on the transformation of ammonium 
cyanate into urea Fenton read a paper giving an account of experiments he 
had been making on the same subject, using the action of sodium hypobromite 
to measure the rate of change Finding that the transformation of the ammo- 
mum cyanate was never complete, he inferred that ammonium cyanate and 
urea were in tautomeric equilibrium and concluded that, whilst the more 
reactive hypobromite attacked both the urea and the ammonium cyanate 
(liberating all the nitrogen from the former and that present as a mm onium from 
the latter), the hypochlonte attacked the ammonium cyanate only and thereby 
disturbed the equilibnum of the system so that the whole of the urea was 
finally converted into nitrogen and sodium cyanate In other papers he showed 
that hypochlontes and hypobromites liberated different amounts of nitrogen 
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from several nitrogenous compounds and in this manner he proved that 
ammonium carbonate m presence of water was in equilibrium with a small 
proportion of ammonium caibonate 

nh 4 '-i co 3 "_:nh 2 co/ + h,o 

What is probably to be regard*d as lus most important work is that con¬ 
nected with the discovery and investigation of dihydroxymaluc acid It 
extended ovir many yeais, for the initial observation from which it grew was 
made during his first j ear as an undergraduate at Cambridge The story current 
in the laboratory m later yeais w *s that a ft How student, amusing himself 
by mixing reagents at random, chanced to obtain a violet coloration which he 
showed to Fenton Fenton was keenly interested in the observation, and he 
found out the essential reagtnts which wtre concerned m the production of 
the colour, name 1), tirtanc and, a ferrous salt, hydrogen peroxide and excess 
of caustic alkali He rtported the discovt ry m a letter to the ‘ Chemical News,’ 
entitled “ On a New Reaction of Tartaric Acid,’ and dated Christ’s College, 
Cambridge, April 2 r >, 187(> lie was at first disposed to regard the colour as 
being due to the production of a ferrate, but in a few years later (in 1881) he 
published a second letter m the ‘Chemical News’ in which he showed that 
the colour arose from an non derivative of an oxidation product of tartaric 
acid since the colourli ss solution obtained after removal of the iron gave the 
colour again on the addition of a feirous or ferric salt 

After several years he took up the problem again, and in 1894 he discovered 
how the new oxidation product could be isolated—it could be salted out from 
the reaction mixture by the addition of fuming sulphuric acid - and in a series 
of papers extending over the years 1894 to 1902 he described its reactions and 
relationships It had the formula C 4 H 4 0# its formation from tartaric acid 
thus involved only the loss of two atomic proportions of hydrogen It was a 
dibasic dihydroxy-acid , it showed no ketomc reactions, it could be reduced 
to racemic acid and oxidised to dihydroxytartanc acid It was therefore 
either dihydroxyfumaric acid or dihydroxvmaleic acid It readily gave a 
diacetyl cyclic anhydride with acityl chloride and was transformed mto an 
isomeric acid by hydrobromic acid Fenton therefore regarded it as dihy- 
droxymaleic acid — 

HO C COjjH 

II 

HO V C0 2 H 

Its production from d-tartanc acid thus involves the tram elimination of the 
two hydrogen atoms lost, and its reduction to racemic acid the frans-addition 
of hydrogen 

The most interesting reaction of the new acid was perhaps that brought 
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about by beating with water Two molecules of carbon dioxide were ebminated 
and glycolbc aldehyde was formed — 

IIO C C0 2 H HO CH 2 

II — I 

HO C COjH 0 CH 

On re-examining this reaction with H Jackson the resulting glycolbc alde¬ 
hyde was obtained in a bimolecular crystalline form It had a sweet taste 
(it could be regarded as the simplest sugar) and Fenton showed subsequently 
that it could be degraded by WoWs method to formaldehyde With Ryffel 
he showed that dihy droxymalcic acid could be oxidised to mesoxalic semi- 
aldehyde, a compound of considerable interest on account of its close relation¬ 
ship to the hypothetical tnhydroxyacrylie acid of which uric acid is the diureide 

H 0 C C0 2 H OCH 

II ~> | 

H 0 C CO a H OC COjH 

Nevertheless attempts to synthesise uric acid by condensing this compound 
with urea yielded only glycouril and carbon dioxide 
Further investigations showed that the new reagent—hydrogen peroxide 
in conjunction with ferrous salts—which acted on tartaric acid in so character¬ 
istic a manner, constituted a specific and valuable oxidant for certain classes 
of compounds With H Jackson, Fenton showed that di- or polyhydroxy- 
alcohols with vicinal hydroxy groups were smoothly and rapidly oxidised to 
hydroxy aldehydes, thus, glycol gave glycolhc aldehyde, glycerol glycenc 
aldehyde, erythritol erythrose and mannitol mannose Monohydnc alcohols, 
however, were not attacked With H 0 Jones he examined the effect on the 
new reagent on acids a-hydroxy-acids were oxidised rapidly and with evident 
heat-evolution to the corresponding keto-acids, acids of other classes were 
unaffected Thus glycolbc acid was shown to be oxidised to glyoxyhc acid, 
lactic acid to pyruvic acid, tartromc acid to mesoxalic acid and glycenc acid 
to hydroxypyruvic acid, whilst from malic acid there was formed the previously 
unknown free oxalacetic acid Fenton and Jones examined the reactions of 
this acid m some detail and among other observations found that its phenyl- 
hydrazone heated with water decomposed in two ways, either losing carbon 
dioxide to give pyruvic acid phenylhydrazone, or undergomg dehydration to a 
pyrazolone denvative The relative proportion of these products depended 
on the hydrogen ion concentration of the solution, and on this fact an approxi¬ 
mate method of comparing the strengths of acids could be based 
The observation that dihydroxymaleic acid was converted with its diethyl 
ester by the action of an ethereal solution of hydrogen bromide led him to 
examine the action of this mixture on compounds of other classes With 
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Miss M M Goatling ho found that various carbohydrate^ m particular fructose, 
gave a purple colour when dissolved in ether and treated with hydrogen bromide, 
and this proved to be due to an oxomum salt of a yellow crystalline compound 
which could be thus obtained in considerable quantity and was shown to be 
oi-bromomethylfurfuraldehyde 

Among other observ ations of interest which he made may be mentioned 
the reduction of carbonic acid by magnesium to formaldehyde and the 
formation of a crystalline explosive compound of formaldehyde and hydro¬ 
gen peroxide of the composition ('_,II 0 () 4 and the probabh constitution 
HO CH 2 0 O CH 2 OH 

His papers are characterised by the concisiness with which they were 
written and by their lucidity, as well as by their scientific restraint and 
freedom from speculation He was gifted with keen powers of observation 
and acuteness of interpretation and the whole of his experimental work is 
marked by its elegance 

Of his books, those best known are his ‘ Notes on Qualitative Analysis,” 
which was based originally on a small book published by Livemg, but was 
greatly expanded in successive editions, and bis “Outlines of Chemistry” 
He was elected into the Royal Society in 1899, and served on the Council 
from 1913 until 19J6 He was made an honorary fellow of his College in 
1911 

He was naturally a shy mail anil was exceedingly sensitive to chaff or 
i nticism , he endeavoured to i onceal his shyness by assuming a certain 
hauteur which tended to repel somi of those who would have sought bis friend¬ 
ship He had a very strong sense of fairness, but his pertinacity m defending 
views m which he was in a minority of one sometimes made him a difficult 
member of University bodies He married m 1892, Edith, daughter of George 
Ferguson, of Richmond He left no children He gave up his lectureship 
in 1924 and went to live at Hove, but the last yearn of his life were greatly 
clouded by illness He died in a nursing home in London on January 13, 1929, 
at the age of seventv-four 
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SIR HENRY BRADWARDINE JACKSON—1855-1929 

Henry Bradwardine Jackson waa born at Barnsley in 1855 and when 
11 years of age he entered the Navy He served on the African station during 
1878 and 1879 and took part in the Zulu War On returning to England he 
was appointed to the “ Vernon,” where he qualified as a torpedo lieutenant , 
subsequently he studied torpedo design and construction at the Whitohoad 
establishment at Fiume 

In 1891 the idea first came to Jackson of employing Hertzian waves as a 
means of communication between a torpedo boat and a friendly ship He was 
at this time serving at sea and it was not possible to put his ideas into a practical 
form until four years later In 1895, while commanding the “ Defiance,” he 
became aware of the experimental work of Dr (now Sir Jagadis) Bose on 
coherers From the end of 1895 until July, 1896, he carried out a careful 
series of experiments in the “ Defiance ” with the object of obtaining a reliable 
coherer The form finally adopted consisted of a tube of metal filings between 
two metal plugs He carried out further experiments with various substances 
during the next 12 months This early coherer was tapped by hand For 
observing the radiations, a receiving circuit m the form of a circle of wire was 
employed for a considerable time In August, 1896, an electric bell of high 
resistance inserted in the circuit was successfully rung from a distance 
Naturally the idea of tapping the coherer by the bell was the next development, 
and before the end of the month Morse signals on the electnc bell were received 
across the after-cabin of the ship The ship’s induction coil which, under 
favourable circumstances would occasionally give a spark of 2 inches, was used 
as the transmitter He continued these experiments with increasing success 
and managed by the end of the year to effect communication by electro¬ 
magnetic radiation over distances of several hundreds of yards In 1896 he 
met Marconi at a conference at the War Office The two pioneers of radio 
telegraphy exchanged information regarding their apparatus and found that 
they had been experimenting on practically the same lines and had apparently 
obtained the same results The next year they kept in close touch and gave 
each other much useful assistance In 1897 Jackson was appointed Naval 
Attach^ in Pans 

In 1899 he was appointed to command the “ Vulcan ” and m 1900 wireless 
telegraphy apparatus was installed in a number of His Majesty’s ships, a 
contract being placed with the Marconi Company for the supply of installations 
The new means of communication proved to be successful From this time to 
his promotion to flag rank in 1908, Sir Henry Jackson played the foremost 
part in the development of radio telegraphy m the Navy Both he and 
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Marconi found that increased ranges were possible by earthing one end of 
the oscillator and attaclung to the other an elevated aerial wire Apparatus 
of this simple character, however, gave considerable trouble at sea owing to 
the fact that it was necessary to use an aerial wlueh was highly insulated 
Jackson was elected a Fellow of the ltoval Society in 1901, and the next 
year communicated a paper entitled ‘ On some Phenomena affiiting the 
Transmission of Elictric Mavis over the Surface of Sea and Earth ’ The 
subjects dealt with in it include a study of the effect of intervening land in 
reducing th« practical signalling distance between two ships, observations on 
the effect of the height, thickness, contour and nature of the lane} be ing recorded 
as well as interesting observations on the effcits of atmospherics The paper 
is a good illustration of the eaTeful and methodical manner in which Sir Henry 
Jae kson always made and recorded Ins ohse rvstions In modern radio research 
in particular m wave propagation, considerable attention is given to the results 
of mutual interference of several wavts arriving at a point with various phase 
differences Observations of such interference effects were made by Jackson 
in 1900 ‘ This phenomenon,” lie writes “manifests itself bv the gradual 

weakening and occasionally by the total cessation of signals, as the distance 
of two Hhips increases, up to a certain point, and their reappearance as the 
distance is further increased ” At that time he believed this efftet was due 
to want of synchronism in the oscillatory discharge between the spark balls of 
his transmitter, so that there was a change in frequency between the successive 
discharges of the transmitter Such want of synchronism would produce 
succcssiv e oscillations out of phase with each other wluc h would at one pointannul 
each other, while at a further distance they would reinforce each other The 
cause, however, of the weakening of signals he put down not so much to the 
interference of oscillations arriving out of phase as to the fact that the coherer 
required the building-up efftet produced by several successive oscillations 
arriving in phase in order to actuate it satisfactorily 
To get over the difficulties introduced by this effect and the high aerial 
insulation required, Sir Henry Jackson then proceeded to experiment with 
improved methods of tuning the apparatus and with coupled circuits Inde¬ 
pendently of Marconi he produced about this tune an installation in which 
energy was introduced into the aerial by electro-magnetic coupling through a 
transformer, the primary of which was attached to the spark halls of the 
induction coil and was tuned by means of a condenser His system differed 
from those employed by other worki rs in that, m addition to the electro¬ 
magnetic coupling through the transformer, electrostatic coupling was also 
employed by adding an extra plate connected to the aerial and to the con¬ 
denser in the oscillating circuit Tuned receivers were also developed In 
order to obtain accurate tuning, careful experiments were made of the capacity 
of the condensers and aerial and of the self-induction of the coils of the coupling 
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transformer for various numbers of turns in the secondary It is interesting 
to note that the self-capacity of the coils of the transformer was taken into 
account and also the capacity of the leads connecting the condenser The 
effective range of ships fitted with this type of apparatus was found to be 
about 55 miles 

Although the final adoption and development of wireless telegraphy m the 
Fleet took some years nevertheless it achieved full recognition more rapidly 
than many other inventions of similar importance The comparatively rapid 
adoption of the invention is a tribute to Sir Henry Jackson’s enthusiasm and 
to the scientific character of his work Jackson used to say that all nc w inven¬ 
tions seemed to go through the same sort of stages in His Majesty s m rvicc 
Firstly, “ the sceptical,” in which people would have nothing to do with the 
new thing , secondly, the “ nibbling ”—that is, ‘ there seems to be something 
in it, let us try it ” , thirdly, the preliminary, in which trials are made and strong 
recommendations for adoption aro put forward by enthusiasts fourthly, the 
adoption, in which as many sets are obtained as possible, although tlu re ma v be 
no one to work them , fifthly, the practical, m wdnch the defects are dis¬ 
covered , sixthly, the “ low-water stage,” in which it is said that the invention 
can never be any good and committees begin to sit, seventhly, the perfect 
development when the defects are made good and its uses demonstrated 

In 1905 lx>rd Fisher appointed lnm Third Sea Lord and (’ontroller At that 
time the design and equipment of warships were undergoing rapid changes, 
and Jackson was specially qualified to take charge of the application of science 
to naval equipment He was appointed First Sea Lord on May 2 5 1915, 
aft« r Lord Fisher left the Admiralty During his period of office—from May, 
1915, until December, 1916—the foundations were laid for various schemes for 
fighting the submarine menace, including the raid on Zcebrugge The Battle 
of Jutland was fought while Jackson was First Sea Lord, and he has stated 
that the evidence which finally convinced him that the German High Sea 
Fleet was coming out for action was the result of observations made by a radio 
direction-finding station, a change of 5° being shown in the angular position 
of a German warship 

Jackson was appointed Admiral of the Fleet in 1916, and from April, 1917 
to July, 1918, he had the honour of serving as First and Principal Aide-de-camp 
to the King In July, 1924, he retired from the Navy 

In 1920 the Lord President of the Council appointed him as the first Chairman 
of the Radio Research Board of the Department of Scientific and Industrial 
Rescarc h The task of taking up once more experimental work m radio tele¬ 
graphy was most welcome to him Under his guidance more than 100 impor¬ 
tant papers were published under the auspices of the Board, the main subjects 
dealt with being the propagation of waves, the nature and origin of atmospherics, 
radio direction-finding and radio frequency measurements He gave his 
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personal attention to the work descrilicd, spending much time m visits to the 
laboratories and discussing aspects of the work with the staff, jet he always 
disclaimed credit for any of thi results obtaine d While supcrv ismg the w ork 
of the Radio Rest arch Board, Sir Henry Jackson himself carried out much 
experimenting in his own house With appaiatus of his own design and 
manufacture he carried out work of a pioneer character on the reception of 
short waves Some of the results obtained were referred to bv him in a 
contribution to a discussion at the Koval Society on the electrical state* of the 
upper atmosphere 

In 1926 the Royal Society awarded him the Hughes medal m recognition 
of the high merit of his woik This honour gave lum great gratification 
Jackson was Secretary and later (’hanman of the British National Com¬ 
mittee on Radio Telegraphy, formed in connection with the International 
Union for Scientific Radio Telegraphv and he regularly attended the meetings 
of the general assemblies of the Union It is no exaggeration to say that British 
prestigo in the scientific aspects of radio telegraphy owes much to Ins guidance 
In 1890 he married Alice, daughter of Mr S H Burbuiv, F R S Many 
early experiments were carried out by Jackson and the Burburjs, the latter 
also bemg enthusiastic experimenters in radio telegnph) 

Sir Henry Jackson was a Knight Commandci of the Royal Vic ton an Order, 
a Knight Grand Cross of the Bath honorarj D Sc of the Universities of 
Oxford and Leeds, honorary LL D of the Umversitv of Oarabndgc, and Vice- 
President of the Seamen’s Hospital Society He was a member of the 
Institution of Electrical Engineers, and honorary Vice-President of the 
Institution of Naval Architects 

F E S 



PERCY ALEXANDER MACMAHON 1854-1929 


Percy Alexander MacMahon was born at Malta, September 26, 1854, the 
second son of Brigadier-General P W MacMahon In view of his specula¬ 
tions on space filling solids, it is, perhaps, worth recording that he remembered 
at the age of 70 his boyish observations of the manner in which the ordnance 
was piled After being at school at Cheltenham, he was entered as a gentle 
man cadet at Woolwich in February, 1871 He became lieutenant in 1872, 
Captain in 1881 and Major m 1889 After some five y ears’ service in India 
and Malta, he became Instructor in Mathematics at the Royal Military 
Academy, m 1882, until 1888 , and Assistant Inspector at the Arsenal until 
1891 He was then Instructor and, later, Professor of Physics at the Artillery 
College, retiring with retired pay m 1898 From 1904, for 16 years, he was 
Deputy Warden of the Standards of the Board of Trade involving in due 
course membership of the Conference Ginlrale and the Comite International des 
Voids et Mesures , and from 1902, for 12 years, was one of the General Secre¬ 
taries of the British Assoc rntion, of which he became a Trustee m 1914 He had 
been made Fellow of the Royal Society in 1890, and served as President of 
the London Mathematical Society m 1894-96, becoming also, in 1917 President 
of the Royal Astronomical Society He was also a member of the Permanent 
Eclipse Committee, and of the Council of the Royal Society of Arts In 
1901 he was President of the Section A at the meeting of the British Associa¬ 
tion m Glasgow He received many academic honours D Sc at Dublin in 
1897, Sc D at Cambridge in 1904, LL D at Aberdeen and S Andrews in 1911, 
was an honorary member of the Royal Irish Academy and of the Cambridge 
Philosophical Society The Royal Society conferred on him a Royal Medal 
m 1900, and a Sylvester Medal in 1919, the London Mathematical Society 
awarded him the De Morgan Medal in 1921 He was also, by the nomination 
of the Royal Society, a Governor of Wintheater College 

In the late years of the last century he w ill be remembered by some for the 
promptitude and distinction with which he would make an impromptu com¬ 
munication at the meetings of the London Mathematical Society, when other 
sources failed , later, after his marriage, for his hospitality at his home in 
Westminster During his life in London he was also a distinguished billiard 
player at the Athenaeum Club In 1922 he gave up the majority of his London 
associations, became a resident member of St John’s College, Cambridge, and 
mixed very willingly in social gatherings, until ill-health compelled his retire¬ 
ment to Bognor, where he died on Christmas Day, 1929 He had been a 
member of St John’s College from November, 1904 His absorption m the 
mathematical problems he was considering, which was noticeable in his 
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Woolwich days, became more pronounced in later life , but another trait, 
also noticed at Woolwich, was manifest to the end, namely, his formal kindly 
courtesy towards all with whom he had dealings , and he had always a desire 
to know the names of the more distinguished younger mathematicians, and 
to get some idea of the work they were doing Many of his friends will always 
remember his personal cordiality, in which he was so ably assisted by 
his wife 

His mathematical achievements were in an abstract held, and it seems 
difficult to describe them in detail without being over-technical The plan 
followed here is to give an account of some of his more salient results, and 
otherwise to refer to the Bibkography appended Save for his first paper (m 
1883), on what was then called the modern geometry of the triangle, his early 
work was inspired by the problems, connected with the Invariants of Algebraic 
Forms, with which Cayley and Salmon and Sylvester and Hammond were 
concerned He followed that by developments of the work of Sylvester and 
Cayley for the Theory of Partition of Numbers, with incidental reference to 
some problems of probability, and in the last years of his life his activity 
was largely taken up by consideration of repeating patterns, of which he con¬ 
structed and coloured with his own hand, a vast number, together with pro¬ 
posals for generalising the theory of determinants Throughout he was, after 
Sylvester’s pattern, always more anxious to invent than to know , and it 
seems right to avow that his knowledge of modern mathematic s was not wide, 
especially of the modern logical theory of functions He stands indeed between 
that great efflorescence of the British realistic school of explicit algebraic form, 
associated with the names wo have me ntioned, and the more recent students 
of quantitative logic, or geometrical construction 

It is easy to understand how Cayley, having seen the hrst explicit invariant 
forms, for instance, o„o 4 — 4cx x a s -+- 3a 2 *, desired to see the actual expressions 
of other invariants , and how great this desire was with his successors is 
well shown by Salmon’s reprint, extending to 13 pages, of the invariant of 
degree 15 of a bmary sextic, which vanishes when the roots are in involution 
(“ Higher Algebra,” 1806) And it is easy to understand the fascination, when 
the number and length of known invariants began to make the concrete 
management difficult, of being able to specify the number of existing invariants 
of given character by means of the terms of an expansion in powers of a variable 
For the lower cases, too, such generating functions could be devised whose form 
indicated even the polynomial identities, or syzggxes, connecting the invariants 
For the case of covariants it was found, originally through an early use by 
Sylvester of what Sophus Lie called an infinitesimal transformation, that if 
the coefficient of the highest power of the vanable, x, in the covariant, were 
known, the other coefficients, functions of the coefficients in the fundamental 
algebraic form, could be calculated by use of a linear differential operator 
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Hence arose the importance of tabulating the possible forms of such highest 
covariant coefficients, or semmvanants, and of determining the syzygies con¬ 
necting them And zest was added to the study by Cayley’s frank discussion 
of his own results (‘ Amer Jourvol 7, 1885), while the kind of earnestness 
put into this enumerative work is well illustrated by Sylvester’s papers of a 
few years previous (e g , “Coll Papers,’ vol 3, p 283, 1879), Into the dis¬ 
cussion of the problems thus arising MacMahon was encouraged to enter by 
two pieces of good fortune One of these was his remark of the identity of the 
linear partial differential equation of the first order, satisfied by semmvanants, 
with that satisfied by general symmetric functions (of a certain limited kind, 
known as non unitary), if only the form of the coefficients m the fundamental 
algebraic form be slightly modified The other was the publcation, by Ham¬ 
mond, of a symbolical calculus of differential operators acting upon symmetric 
functions, whereby a connection is made between the functions £ ). 

and £ (a 5 '}' ) The two things are intimately related The former, the 

relation of symmetric functions and seminvariants, was immediately acclaimed 
by Cayley, the latter was afterwards often used by MacMahon, as may be 
seen in his two volumes on Combinatory Analysis, where the Hammond 
operators are used in seven of the eleven seetious of the book For his actual 
contributions to the generating functions of semmvanants, the later paper of 
1895 (‘ Proc L M 8 ,’ vol 26), and the paper in ‘ Trans CPS,’ vol 19 (1904) 
may be consulted 

But some brief explanation m regard to the two initial steps of his career 
referred to, may perhaps be given For the fundamental form, written as 
x n + na^"" 1 -j- In (n — 1) a i i n ~ 2 , with binomial coefficients, the differ 
ential operation for semmvanants, expressing, when the result is zero, that 
these are functions of the differences of the roots, is Sj -f- 2a t 8 2 -f- 3a 2 8 3 + , 

where 8 f means partial differentiation in regard to a r On the other hand, 
fora form j"- f PjX" -1 + ?> 2 j; * _2 + , the operation Wj + Pi«a + J> 2 ® 3 + , 

where m r means partial differentiation in regard to p„ is equivalent, when 
acting upon a function of p v p 2 , , regarded as expreBssed in terms of the sums 

of powers of the roots, to (the negative of) differentiation in regard to the sum, 
s v of the first powers A function whose expression in terms of these power 
sums, 8 V s a , s 3 , , does not contain Sj is thus reduced to zero by this operator, 

such a symmetric function of the roots is that called non-umtary Now, if 
we put p, — a f /(? !) we have p,tn J+1 = («-)- 1) a, 8 t+1 , and the latter operator 
becomes the former This is MacMahon’s remark, which renders the tabula¬ 
tion of non-umtary symmetno functions the same problem as the tabulation 
of semmvanants 

Hammond’s operator, denoted by D m , is obtained by m repetitions of tho 
operator w x + ppa 2 -f p 2 w s + » spoken of above, where, however, this 

repetition is formal, the succeeding operations being upon the differential 
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coefficients , for instance, two repetitions lead to nq 2 -)- 2,<p l xa l w 1 p 2 2 nr 3 * -)- 
every term involving two differentiations Precisely, if d x denote the negative 
of the first older operator, l) m = (m I) -1 (</ 1 m ) A simpler definition, not so 
useful, however, for MacMahon s applications, is that, if the symmetric function 
which is to be the operand is expressed by the power sums of the roots, and a, 
denote partial differentiation in regard to i r , then the series 1 + + /i 2 D, -f , 

with arbitrary h, is the same as the expansion of the exponential operator 
exp (E), where E denotes ha l + h\ j 2 + The use most often made of the 

operator depends upon two facts ( 1 ) that if aq, a 2 , denote the roots of the 
fundamental form, the symmetric function of which the single representative 
term is 

(aV P 2 * P i) (<*Vl<*V2 a«, + m)(« r i +m +l ^ l+m+n) 

is reduced to zero by any operator D m other than !)„, or D 4 , or l) r , while, 
denoting this symmetric function by (p'g'V ), it is reduced by D„ to the 
function (p ,-1 gr m >" ), by D 9 it is reduced to (p l q m ~ 1 r n ), and so on In 

this statement the order of the fundamental form is supposed indefinitely 
great (that is, so high that the expression in tirms of the coefficients of all the 
symmetric functions under consideration would be the same if the order of the 
form were greater) For a product of symmitric functions, say k functions 
<f> v <f> 2 , <f> k , we have the second charact* ristic property of the operator D m , 

namely ( 11 ), the result of the operation D m <f> k ) is obtained by 

expressing >n as a sum of positive mtegeis m l + m 2 -f- m r , and then, if 
<f> h , <£«.> > 4>> be any selection of r of the functions <j> t <f> 2 , <j> k , taking 

the term (D m ,</>,,) (T>m,<f >,) (']/), where the brackets dinote multi¬ 
plications, and ip is tlie product of tlu functions <f> } , , <f> k other than <f>, 0 

<f» t , , <j>‘ The sum of all possible terms so obtainable is to be taken , in 

many cases tlieir number is not largo because of the vanishing of one of the 
factors Dmi<f >„ 

These details will enable us to give an explanation of the nature of one method 
by which MacMahon proposed to compute the explicit form of all Latin squares 
of a specified number of rows A Latin square, of which the name is merely a 
survival of Euler’s name for a more difficult bquare in which every element 
was characterised by two letters, one Latin and one Greek, may be explained 
as being a square arrangement, of say v rows, in which v letters are written 
down, v times, in different rows, with such permutations that each letter 
ocours once not only in each row, but also once in each column Now consider 
a compound operator D^,D M| D„„ acting upon a product of symmetric 
functions <f> v tj) 2 , , <f>, There will be several terms in the result Each such 

term is to be represented by a rectangular diagram of k rows and s columns 
In the first instance, let p x , a v , t x be positive integers, s in number, some of 
which may be zero, whose sum is pq Then one term of D Mi (<f>i<f> 2 , <f>,) 
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is the product (D,,,^) (D,^) (D Tl <^,) Correspondingly we place in 

the first row of a rectangular scheme the numbers p lt a v , Tj Denoting 
now the factors D^^j, D ai <f> v , T> Tl <f>, by <Jq, ^ 2 . . +»> we may proceed to 

operate similarly with D Wl upon the product <Jq<J> 2 , 'K- the a numbers, 

including zeros, which form the chosen partition of [x a being placed in order 
m the second row of the rectangular scheme , and bo on till we find components 
for the &-th row which are a partition of jx* Now, m particular, suppose 
s — k, and (Xj — p. a = = jx*, = pi, say, while all of </> J( , <f>, are the same, 

each being the symmetric function £ a/), say <f>, where p, q, , r 

are different and p + ? + -+- r = jx Then, as <f> is reduced to zero by any 

operator D m other than D„, or D a , or D r , or unity, the only possible parti¬ 
tions of (Xj, to fill the first row of a diagram, must consist of numbers chosen 
from p, q, , r and zero Suppose now that the only set of numbers, a in 
number, every one of which is one of p, q, , r, or zero, whose sum is [x, con¬ 
sists of these numbers p, q, , r, each occurring once , of this a numerical 
example is given immediately Then the first row of the diagram muBt con¬ 
sist of the number p, q, ,r m some order The second row of the diagram, 
obtained by distributing the operator D Ml , must similarly consist of these 
same numbers p, q, , r , but, as D p (a 1 p a 2 ! ' a/) is £ (a/ a/), in which 

the exponent p does not enter, it follows that, m the second row, the number 
p cannot occur in the same column as in the first row , and similarly with 
q r Thus, after operating with D/, the diagram will consist of s rows and 
columns in which each row contains the numbers p, q, , r, and each 
column likewise contains these numbers Such a diagram is a Latin square 
Further, the operation of D„* upon (Ea/a/ a/)* results in a number, the 
dimension of the operand being equal to the total order of the operator This 
number then gives the total number of Latin squares of s rows and columns 
This number is evidently independent of the choice of the numbers p, q, , r, 
subject to the condition of the unique partition which has been explained 
To explain this condition we may take the particular case when [x is 30, and 
p, q, ,r consist of the four numbers 19, 8, 2, 1 The only partition of 30 into 
a sum of four or fewer numbers chosen from these four, consists of these numbers 
each taken once , if, however, p, q, , r consist of 11, 8, 7, 4 we can express 
30 not only as 11 + 8 + 7 + 4, but also as84-8 + 7 + 7orasll-|-ll-f8 
In general, if p = 2* — 1, we may always take p, q, , r to be the numbers 
2*" 1 , 2*“ 2 , , 2, 1 (This is, moreover, what MacMahon called a Perfect 

Partition of p, every number less than jx being also uniquely expressible by a 
partition from these numbers ) 

A more technical application of Hammond’s operator is to give a proof of a 
theorem of symmetry m tables of symmetric functions, which may be expressed 
by 

DftDy, = J\D», . D fjcfthp, kp, t 
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wherein the sum of the positive integers p v , p t is equal to the sum of the 
positive integers q v , q, , and k, means the sum of the homogeneous products 
of dimension r of the roots of the fundamental algebrau form, mutilated, 
however, by the omission of every ti rm which contains a power gieati r than L 
of any one root The case l — 1 was well known , for this case the functions 
k it k v arc the coifhcients, sav a u , m the fundamental form, 

written as x n — + a^ n ~ l In the cast in which there is no 

lestriction of order (A = co), it is usual to use the notation h r for the sum 
of the homogeneous products of r dimensions If we then tonsidei the form 
-f - A 2 c" _ 1 + ,it is notice abk that the power sums for the roots 
of the latter, s r ', are connected with those for the former by »/ = (— l)' -1 # r , 
and wo recall that the operator D„ is expressible, with constant co< fficients, 
by differentiations in ri gard to the powt r sums 

Another theorem of MaeMahon’s, which he called a Master Theorem, was 
designed to display the permutations of an aggregate of things, not all different, 
which should be subject to certain lestrictions, m particular should exclude 
certain specified permutations For instance, consider the familiar problem of 
the number of ways in which n written letters can be put into n addressed 
envelopes so that no letter is inserted in the envelope designed for it The 
possible ways are evidently displayed by the various terms m x^i i u H which 
oocur in the developed product 

( +.r 2 + *a+ +*„)(*!-* + *< + •‘4 + + ■».) 

W + -<a+ +!•»-!+ ), 

in which x, does not occur in the sth factor More geneiallj wc may seek a 
rule for computing the coelhcient of xf'x/' i ’’’ in the development of the 
product y l p 'y t p ' y n p , where y, is any general linear homogeneous function 
of x v x t , , t,„ say y, — a ti x x + + a tH u n The procedure suggested by 

MacMahon is equivalent to seeking, in the expansion m ascending powers of 
t v of the mversi pioduct 

(1 - h - >- 1 i 1 - >j f) l > 

the terras which aie independent of a, x>, , x „, and tin ti seki ting from thesp 

terms the term in t n p llw theorem is that these terms, inde¬ 
pendent of x v x 2 , , j„, are obtainable by expanding, in ascending powers of 

t v , the mverse of the determinant 


1 — <1<*11> 

— ti'Hi, 

, — <i«i„ 

— l, 

1 — 

, — fj*a. 
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This dotcumutant, when elovclopcd before its inverse is expanded in povsus of 
t v , t n , consists of teims such as (— t, A„ where A, is a coaxial 
minor, of s rows and columns, from the determinant |u f ,| MacMahon con- 
sideicd also the convusc problem, of finding values for the dements a r , such 
that tin coaxial minois of tin detenninant |a r ,| should have gm n values , he 
lcaehi d tin conclusion that when n is even, tin determinant can be < xptt ssi d 
in two wavs as a function of its coaxial itnnois (othci than itself), a lesult m 
regal d to which more detail seems desirable 

We mav also icfei to another cunous theorem given by MacMahon which 
seems vi*ry illustrative of his work Suppose that wc have an aggie gate 
'/i''*'//* >Jn of gi that is p-, Pi-j- + p,„ numbers, whu h for clearness 

of explanation we suppose to be positive and in as< < nding order of magnitude, 
so that y L < i/ t < < y„ Take then, on squaied paper, n horizontal rows 

of nodes and on tin sc p vertical columns of nodes for wlinh the abscissa is 
respectively x — 1, r — 2, , j — p We repiesent a permutation of the p 

numbers by maikmg />, nodes upon the lowest low chosen uivwheie m the p 
nodes of this row , then marking p z nodes upon the second row of uod< s 
(y = y 2 ), also chosen anywheie but so thit no one is upon the same ordinate 
as any of the marked node s of the lust row , then marking p 3 nodes in the thud 
row (y — y 3 ), but so as to ivoulall the p t + p 2 oidmat«s alieady occupied in 
the hist two rows , and so on The permutation represented is then obtained 
by leading the p coiumms m turn, with ascending abseissa, each containing 
one marked node and furnishing one lette i, y„ of the permutation, when the 
marked node in that column is in the s-th row from below Taking now any 
such ordinate containing, say, y„ considei the ordinates which have greatei 
absciss# It may be that for each of these the marked nodes have the same 
ordinate y„ oi a greatei one, containing nodes y t for everyone of which t s 
But it may be that among the ordinates of greater abs< issa than y, there are o 
for which the marked nodes have less ordinate than y„ these corresponding to 
a elements y t foi which t <C ■> We then speak of tlu se as furnishing a inversions 
in the permutation If now, for the particular permutation under considera¬ 
tion, the inversions be noted foi eveij y„ and all the numbers rs so found be 
added together, we maj call the result the inversion mdtx for tins permutation 
All this, m less graphical mode, is familial But we may, after MacMahon, 
obtain another index for the permutation, namely, proceeding as before from 
any ordinate, with marked node y„ pass to the immediately following ordinate, 
and note whether the marked node m this ordinate has a less ordinate than y n 
namely, lepresents y t with t < s If so, we may say there is a fall If then y, 
is m the p,-th ordinate, counting from (and including) the ordinate of least 
abscissa (the first ordinate), we count the fall as having weight p. Examine 
now all the first p — 1 ordinates (all except the last, that is), and take the sum 
of the weights of all the existing fulls, and call this sum the fall index of the 
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particular permutation Then, if all tlu possibl permutation* he take n the 
set of inversion indices any one of which ni ly oicui with tin sami value in 
siveral of the peimutations is the simi save for ordir of liiurrenee, 
as the set of fall indices And then is mon than this Tat the product 
(1—s-)(l — A) (1 — r v ) la elenottd In (/>), umsidti tin expulsion in 
ascending poweis of i of the fraition 

(/h I Pi I" d >>,.) 

(Pi) (Pi) (/'„) 

which is in fact i pole nomial of turns sueli is ix", win i< i isapositivc integer 
This term indicates tint there me exit tlx i of the peimutations for which 
tin inversion index is p, as well as e\irtl\ r of tin permutations for which the 
fall index is p This seems i remnkihle result, and it is evidently capable 
of treatment on the lines of Kroneekeis ehaiaettnstic We max also con 
sider instead of the falls, the risen m the ordinate s similiilv defined , and it is 
not elilhcult to see that if we re vuse tin orde r of the tows in the diagiam, the 
falls change into rises, and tin' mansion indices sev< t dlv change into com- 
plementarv values What we have edit'd a fall, MacMahon <alls i inajm 
contact 

Another part of MacMahon’s wink is that dealing with the tre xtment of 
partitions by the method of Diophantiiu meeiuahtics For this we miiht refer 
to the second volume of his book ont'ombinatory Analysis (Cambridge, 191b) 

An activity of a different kind which occupied him for several of the 1 later 
> e irs of his life the construction of re pi xting patterns to fill a plane, has 
alieiely been spoken of For this we can refci to his little volume, New 
Mathematical Pastimes’ (Cambridge 1921) which, however gives a most 
inaelcejuate ale i of the vast enthusiasm and industiv with which he pursued 
the matter It must be addl'd, how eve i that it seems curious tint he did not 
in connection therewith, make himself acquainted with the theoiy of dis¬ 
coid muons groups represented m the pi me of the complex vanabh , or with the 
mathematical theory of c rv stallogiaphv 

But to those who knew him ami watcheel the constant keenness of his 
mteiest in what he was doing, and lus nevei failing courti'sv and fiankiicss of 
elemeanour the memoiv will remain of x personality striking mil distinctive, 
whose loss is to be deplored 
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KKBAKTT \N ZJANI di FFItK V\TT IRbl 1<H() 

Smiastian /uni i»i* Fhrr\nii was bom it lay e i pool on April 9, 1801 of 
parentage comprising Italian xml Linghsh elements He was educated it 
Hampstead School and at St Augustine s College Uimsgate, and attended 
University College London, for x brief pi nod At about 17 vcxrs of age he 
entered the woihs of Siemens Bros at Woolwich, ind there gained experience 
in miscellaneous electrical applications including the development of electric 
furnaces and the constitution of submiiinc cables and eleetne xl machines 
In 1882 he hied his first patent which described a dynamo Many dynamos 
were being mxented and built at this time but Firianti’s foim gave a large 
output for its weight, partly because of the happy thouc of prope^jpns, 
partly because of the excellence of its mechanical design A 20 hotse power 
alternator of this type was installed in 1882 for lighting Cannon Street railway 
station, and drew so much attention that m 1881, when the mv< ntor was only 
19 years of age, a company was foimcd to exploit this and othei inventions 
now crowding his mmd Among these early inventions was the mercury 
meter for measuring the current supplied hv an eleetne supplv company to 
its customers, a meter which depends on counting the revolutions produced 
in n pool of mercury through which the current flows radiallv within the 
influence of a vertical magnetic field This meter is still widely used 
In 1885 Ferranti began to improve the construction and the mode s of employ 
mg transformers m conjunction with his machines xml in 188b he beeame* 
engineer to a company which hail been promotoil to erect geneiatmg plant 
under the Grosvonor Gallery m Bond Street for lighting the gallery and 
neighbouring buildings Here he install* d two alternators of about a thousand 
horse power each and distributed current bv ovnlmad lines throughout a 
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gradually extending area north of the Thames, which eventually reached from 
the City to Chelsea Now came the opportunity of employing lus far-seeing 
constructive imagination he dreamt of supplying the whole of London with 
electricity from one giant generating station, distributing the current at 10,000 
volts through underground cables But the scheme was throttled by the 
Electric Lighting Act of 1888, and, in effect, reduced to parochial dimensions 
Ncvi rth< less, at Deptfoid, where sea borne coal and condensing water were 
available, a station of about 10,000 hors*-power was erected and lunnmg by 
1892 During the constiuetion of this station and its distubution network 
innumerable problems concerning engines, air pumps, alternators, trails 
formers, switchgear, measuring instruments and high voltage cables, were 
successfully solved It may be said that m this single job Ferranti worked out 
the mam principles and methods which governed high voltage electrical 
engineering for several yeais m every country It is true that his slow' speed 
engines and great flywheel alternators have now been superseded by tin 
turbo-generator, but even in this supersession he himself added consult table 
by his work on the steam tuibmc, both mechanical and thermodynamical 
In steam turbine development he was largely responsible for the conception of 
expanding something less than the whole of the steam at each stage of expansion 
and using the rest for heating the boiler feed water instead of doing mechanical 
work , thereby increasing the overall efficiency In the gas turbine, mouover 
he was a danng pioneer and came nearer to success than perhaps any otlici 
worker In both foims of prime mover he demonstrated that because of 
inherent defects m actual engines it is advisable to make ceitain departures 
fiom the Carnot cycle, and besides he made many ingenious improvemcnts in 
purely mechanical details 

It will be appreciated from the preceding paragraphs that Ferranti’s genius 
was principally exhibited m the solution of problems arising in tlu supply 
and utilisation of electricity on the large scale But Jus wonderful facility in 
the mechanical domain had many applications in other directions, for his 
patents deal with such miscellaneous matteis as machines for the high spei d 
winding of coils for radio apparatus, motor car wheels and tyres, carbuietters, 
steam valves, bicycle parts, projectiles, furnaces and, not least, a long series 
of improvements m cotton-spinning machinery His name is therefoie 
permanently attached to a great many appliances and improvements m 
engineering , and it is worth remarking as evidence of one of the outstanding 
qualities of his character that he allowed lus name to be attached only to those 
inventions which were genuinely his own in conception and development 

The men catalogue of his 176 inventions indicates Ferrantis mastery of 
mechanical technique'and materials but conveys no adequate idea of Ins 
influence in lus epoch It is therefore necessary to put explicitly on recoid 
that in bis own view his bfe’s mission was to spread the gospel of the use of 
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chUuuty foi ovuy possible purpose Hi was the earlust and most (.on- 
vim mg advocate in England of the advantages to the (ommumty of tinning 
hi at into (loitrnal mngy at u ntinl stitnms and distributing it to the con¬ 
sumer foi driving maihuurv uid foi heitmg and lighting bonus , thus pie 
piling the way for ron tit udvinus tow aids tin allehctiu agi Mon than 
tvu nty years lx fori tin Electnuty \rt of I92tii( moved tin legislative obstuhs, 
In prearlud tin importance of gi nuatmg (leitnutv on the lnigi scab it a h w 
siti h and of int< ilinking this* throughout thi countiv Foitunattlv in 
addition to foiesiglit anil vision hi liad an engaging pi ison »lit\ winch mdm ed 
lommeiiial leaih rs to lxlicvi in and support him and thus In was abk to 
< xpodite the ri alma turn of sonu of his duanis In tin hi* wavs it is now <1< ar 
he i vrted gr< it nifluenu on lontimpoiuiv thought in ikitnud engtmuing 
all ovei tin woild 

Ken mti was a in< inlu r of flit Institutions of ( ml Mn hum aland lvhitin d 
hiiginiiis and seivid as I'm sidi nt of tin 1 ist n inn d in 1910 and I'M 1 JIi was 
givm the honoiary degru of 1) be l)\ Mamhestu luivdsity m I r H 1, iwardul 
the Faraday IVhdal m 192f, mad< honoraiv number of tin Institution of 
Electrical Kngmcirs m 192 >, (lectcil to the Koval Mom tv m 1927 uid was 
President of tin Klcctiual Developnu ut Association m 1929 He dud at 
Zmii/h on Januaiy 11, 1930 
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